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APPARATUS FOR THE STUDY OF REDOX POTENTIAL IN 
BIOLOGICAL SYSTEMS* 

By J. PERCY BAUMBERGER 

{From the Physiology Department of Stanford University, and the Collis P, 
Huntington Memorial Hospital, Harvard University, Boston) 

(Accepted for publication, May 25, 1933) 

The four pieces of apparatus^ described in this paper have been 
used in several investigations on biological oxidation-reduction sys¬ 
tems. Other apparatus for similar purposes have been described by 
Ahlgren (5), Lehmann (4), Clark (1), Michaclis (2), Borsook and 
Schott (3), and Baumberger, Jiirgensen, and Bardwell (7). 

L The Modified Thunherg Twic.—Ahlgren (5) has described in 
detail the use of the Thunberg tube in the study of the reduction of 
dyes by biological systems. The apparatus shown in Fig. 1 has the 
advantage that it is cheaper, has no ground glass stopper to be greased 
and thus involves no special difficulty in cleaning, and will hold a 
vacuum suitable for the development of extremely low redox potentials 
such as the complete reduction of rosinduline. The experimental 
procedure with this tube is to introduce the substrate, buffer, and dye 
and finally the enzyme, then to apply de Khotinsky cement to the 
pyrex vacuum tube at point DeK, warm the tip of the soft glass 
adapter b, and introduce it into the cement so that it rises in the inter¬ 
stices between b and the neck. Cool the cement, attach b to water 
pump, and evacuate to boiling for a minute. It is essential to keep 
the tube warmer than the tap water and to wet the walls with the 
contents, as thereby the oxygen is more readily displaced. Heat b 
at the constriction while still evacuating and finally seal off the at¬ 
tached lower half of b and anneal with care. (The introduction 

* This work was supported in part by a grant from the Rockefeller Fluid 
Research Fund of the Medical School of Stanford University and by a grant from 
the De Lamar Fund of Harvard Medical School. 

^This apparatus was skillfully made by Macalaster-Bicknell Co., Cambridge, 
Massachusetts. 
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of glass capillaries through b should be avoided, as scratching of the 
inner surface invariably follows and leads to cracking while heating.) 
After observing reduction time, or final color if a multiple dye system 
has been used, the de Khotinsky cement may be heated, the tip pulled 
off, and the tube washed. The remaining cement can be repeatedly 
used or removed with alcohol. 

2. The Modified Borsook and Schott Tube .—Borsook and Schott (3) 
describe a vacuum electrode tube which can rock in a vertical position 
in such a way as to be in contact with a reference half-cell through a 
capillary tube (a, Fig. 2) filled with KCl agar-agar which will stand an 
atmosphere of pressure. A battery of such tubes may be made to 
rock with the salt bridge capillaries dipping in a large dish of KCl to 
which a calomel half-cell is connected. The changing oxidation- 
reduction potential of a system consisting of substrate, enzyme, and dye 
may be followed conveniently by measuring the p.d. between the 
two half-cells. When the p.d. no longer changes with time, equilib¬ 
rium has been reached and the redox potential observed is a function 
of the free energy of the system. Borsook and Schott’s tube has been 
modified by substituting the evacuation sealing system for ground 
glass stoppers as in (1) by adding a boot, b, at the tip so that satisfac¬ 
tory circulation of the contents may be obtained, which is particularly 
advantageous in work with slices of tissue; and by introducing the 
platinum electrode, Pt, into the boot instead of having it borne by the 
glass stopper where it would be exposed to breakage and con¬ 
tamination. 

3. Reduction Burette .—The usual apparatus (Clark (1)) for the 
reduction and transfer of reduced dyes is very intricate, expensive, 
fragile, and immobile. The reduction burette here described is much 
less so in each of the four respects mentioned and is adequate for its 
purpose. It (Fig. 3) consists of a 25 cc. burette surmounted by a 200 
cc. bulb from which it is separated by a perforated glass plate, P. A 
special stop-cock, S, at the top of the burette and a ground glass stopper 
at the top of the bulb complete the reduction burette. In operation 
the dye solution and wet* platinized asbestos are introduced into the 
bulb, the ground-in stopper is fastened in with a rubber band, the 

* There is danger of explosion when dry platinized asbestos is introduced from 
air into a hydrogen atmosphere. 



J. PERCY BAUMBERGER 


3 


burette inverted, and the dissolved oxygen removed by water vacuum 
pump through side stop-cock S, which at the same time is connected 



Fig. 1 Fig. 2 

Fig. 1. In all the text-figures the scale is the same as that given in this figure. 


by means of a F tube to a Kendall (6) furnace through which oxygen- 
free hydrogen and nitrogen can be obtained. When the solution has 
boiled, the burette is allowed to fill with hydrogen, the stop-cock is 
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closed, and the burette is detached from the vacuum pump. With 
the burette still inverted, the fluid is gently rotated to bring it into 
contact with the suspended platinized asbestos. When the dye is 
fully reduced, the reduction burette is again attached to the Y tube 
through S, the hydrogen is removed by evacuation, the burette is 
filled with pure nitrogen and evacuated a second time, and then finally 
filled with nitrogen. The next step is to slowly turn the burette right- 
side up and to allow the asbestos to settle on the glass filter. Create 
a vacuum up to the side stop-cock, open this stop-cock for an instant 
so that the gas pressure in the burette will become less than in the bulb, 
and the fluid will be driven down into the burette. When the burette 
is filled and the bulb dry, raise the nitrogen pressure to about 1.20 
atmospheres so that the superpressure will expel the contents of the 
burette as needed. 

The same form of burette is convenient for handling oxidized dyes 
from which dissolved oxygen may be removed by vacuum and the dye 
put under nitrogen pressure. 

4. Vacuum Oxidation-Reduction Cell .—The cell shown in Fig. 4 
is suitable for the study of the oxidation-reduction processes described 
under (2) above, but it has special features which adapt it particularly 
to the study of these processes in cell suspensions and in the fluid sur¬ 
rounding slices of tissue. This ceU has the features of vacuum seal, 
boot, and platinum electrode mentioned in (1) and (2), and in addition 
contains a glass electrode as reference half-cell. The cell has the 
advantage that it does away with the salt bridge and thus removes the 
contact potential error resulting from long contact of a salt bridge with 
a physiological solution. Progressive pH changes, resulting from cell 
metabolism, are cancelled out in those systems in which the redox 
potential is affected by pH in the same degree as the hydrogen elec¬ 
trode. Any changes in ionic strength or in temperature are effective 
on both half-cells and thus such changes tend to cancel out rather than 
to augment potential differences. The potential difference due to 
changes in the redox potential on the platinum electrode is thus made 
the chief variable. The actual pH of the solution may be determined 
before and after the experiment by connecting the solution to a calomel 
half-cell by a salt bridge introduced through a, and measuring the 
P.D. between the glass electrode and the calomel half-cell. If the 
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particular glass electrode gives a p.d. of 0.100 in a buffer of pH 3.97 
at 30®C. and a p.d. of 0.160 in the unknown, the pH of the unknown 
will be 0.160—0.100/0.060 + 3.97 = 4.97. Perfect glass electrodes 
behave in this manner, within certain pH limits (Dole (9)), if no 
‘‘deviation film” effects are present (Kahler and DeEds (8)). “De¬ 
viation film” effects are avoided by supporting the thin bulb of Corning 
0.015 glass by a double walled tube of soft glass blown so as to fit a 
ground glass joint at the top. The air jacket (7) thus formed limits 
the effective contact of the outside solution to the bulb itself. The 
glass electrode bulb g contains KH phthalate buffer to which quin- 
hydrone has been added in excess; a platinum electrode sealed into a 
glass tube projects into this solution. 

The p.D.’s between the glass electrode and the platinum electrode 
are measured by means of a thermionic electrometer designed by 
R. K. Skow in my Laboratory. Any form of electrometer suitable for 
determinations with the glass electrode may be used with the vacuum 
oxidation-reduction cell. 
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CRITICAL FREQUENCY OF FLICKER AS A FUNCTION OF 
INTENSITY OF ILLUMINATION FOR THE EYE 
OF THE BEE 

By ERNST WOLF 

{From the Laboratory of General Physiology, Harvard University, Cambridge) 
(Accepted for publication, May 26, 1933) 

1 

The use of the reaction of the honey bee to a moving stripe system 
for testing visual acuity and intensity discrimination has been de¬ 
scribed in detail in previous papers (Hecht and Wolf, 1928-29; Wolf, 
1932-33 a, b\ Wolf and Crozier, 1932-33). The motion of the striped 
pattern under the experimental conditions was always such that a 
sudden but not too rapid lateral displacement was made, to which the 
bee reacted by moving from its straight course of progression with a 
sharp turn against the direction in which the pattern was moved. For 
different visual acuities, threshold intensities were determined for 
this response, and in the case of intensity discrimination the minimal 
difference in brightness of alternating stripes was found at which the 
bee reacts by the characteristic reflex. 

In previous experimental tests the speed of translocation of the 
pattern in front of the bee’s eye was kept so small that no fusion of the 
alternate stimuli could take place. Experiments concerning the 
flicker phenomenon in the facetted eye of an arthropod have thus far 
been made only with larvae of the dragon-fly {Aeschm cyanea; SUlzle, 
1932). As index of this animal’s reaction to flicker there was used a 
reflex, the throwing forward of the labium toward a moving object, 
which occurs as long as the speed of repeated flashes of light is below 
the critical frequency for fusion of the sensory effects. Having thus 
only one source of information about the number of single impressions 
which can be perceived separately by an insect’s eye, as a function of 
illumination, the critical fusion frequency of intermittent stimulation 
by light was studied in the honey bee. Using the bee’s reaction to 
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moving patterns we have a means of more direct approach for test as 
compared with the “catch” reaction in the dragon-fly, and a certain 
body of precise information is already available concerning the relation¬ 
ship between visual acuity and illumination for this eye. 

Bees are positively phototropic and negatively geotropic; they tend 
to creep upward upon a transparent inclined surface which is illumi¬ 
nated from underneath. If a visible pattern be moved below the 
creeping plane, we obtain a typical response to the displacement of 
the pattern, as described. The bee’s response to a moving stripe 
system, however, can be obtained if the system is not shifted while the 
bee begins its journey up the inclined surface, and even while the 
pattern is in continuous motion in one direction of constant speed. 
The bee’s path then involves a continuous creeping against the mov¬ 
ing stripes, from the lower edge of the field to one of the sides of the 
compartment, at a fairly low angle of slope. In case the bee enters 
the field from the side against which the stripes are moving, it runs 
straight across the field to the other side of the compartment without 
showing any tendency to creep upward; if entering from the opposite 
side, i.e. moving in the direction of the moving pattern, it takes a 
sharp turn of almost 180® and crawls quickly out of the field, up the 
walls of the ch^ber, continuing to walk hanging from the cover of 
the compartment until it again enters the field from below or from the 
other side, then showing the same reaction once more. At very high 
speeds of motion of the pattern, however, it quite often happens that 
the bee, apparently unable to move against the stripes, “swims” so 
to speak with the stream with excessively rapid movements of the 
legs. In spite of a certain variation in the behavior of different indi¬ 
viduals, the critical intensity of light and frequency of flicker at which 
the bee shows the first definite reaction to the moving pattern under 
var 5 ring experimental conditions can be determined rather accurately. 

This reaction of the bee was employed in the following way. For 
pattern plate a round mud-ground glass plate, 50 cm. in diameter, was 
used. On the ground surface, which is the upper side of the disc, 20 
sectors of opaque black paper are glued, in such a way that there is 
made a sector wheel with 20 black and 20 translucent sectors of the 
same size. The breadth of each sector on the central side of the disc 
is so chosen that the visual angle sustained by it is great enough so 
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that the sectors passing underneath the creeping plane can be reacted 
to at the lowest intensities used during the test (Fig. 1). With a 
sector wheel, for which the angular speed is the same at any distance 
along the radius, the flicker frequency for the bee is the same regardless 
of its position nearer to the center of the disc or to the periphery. The 
peripheral part of the ground glass disc which is in the field of vision of 
the bee is illuminated by light reflected from a mirror underneath. 



Light soucce 




Fig. 1. Diagram of apparatus for measuring critical frequencies of flicker at 
different light intensities. 


which gives an even illumination of the bee’s visual field (Fig. 1). 
The source of light is a 1000 watt concentrated filament lamp which 
can be placed in three different positions on an optical bench. The 
positions are IS cm., 55 cm., and 175 cm. from a diffusing screen in 
the wall of the dark room containing the apparatus. The amount of 
light admitted into the dark room is controlled by an accurately 
calibrated diaphragm for each position of the source. The intensities 
available on the upper surface of the ground glass wheel are measured 
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by means of a Macbeth illuminometer. The intensity values obtained 
for the different settings of the diaphragm and positions of the light 
source are plotted against the scale readings of the diaphragm. Thus 
three smooth calibration curves are obtained. From these there could 
be read with sufficient accuracy the threshold intensities at which the 
bees just give the first noticeable response to the motion of the stripes 
at given velocities of rotation of the disc. 

The ground glass plate is mounted on an axle running in ball bearings 
and rotated smoothly by a d. c. motor of which the speed is controlled 
by a rheostat and transmitted by a system of reduction gears to the 
disc. By using pulleys of different diameters for transmission, and 
by adjustment of the rheostat, the velocity of rotation could be so 
varied that almost any speed was obtained, providing flicker frequen¬ 
cies between 2 and 70 per second. This range proved to be wide 
enough for study of the critical frequency of flicker over a range of 
intensities of 4 logarithmic units. 

During test a bee, after the wings have been clipped, is put into the 
compartment, above the rotating disc. The speed of rotation is 
adjusted for a certain value, measured with a stop-watch, and kept 
constant. The variation in speed is negligible, as repeated stop¬ 
watch readings before, during, and after the test showed. The bee 
then creeps over the illuminated field and reacts in the typical manner 
to the sectors passing by, provided the light intensity is high enough. 
By opening or closing the diaphragm the intensity is found at which 
the bee just begins to show a reaction to the motion of the visual field. 
For this threshold response at a given flicker frequency the associated 
threshold intensity is measured. This test is repeated 10 times for 
each given flicker frequency, with 10 different bees, to give a mean 
value represented as one point on the curve illustrating the relation 
between flicker frequency and illumination (Fig. 2). It has been 
shown previously that on account of the uniformity of the members of 
a colony of bees it is justifiable to take bees for single tests only once, 
instead of repeatedly (Wolf, 1932-33 a, b). 

II 

Flicker frequencies were chosen from 2.4 to 52.6 flickers per second, 
18 selected frequencies covering this range. Some tests were made at 
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higher frequencies, up to 68 per second, but responses of the bees 
could not be obtained. At a flicker frequency of 55.3 per second 3 
bees gave uncertain reactions at the highest intensity of light available. 
Many other bees which were tested did not react at all. It seems 
therefore fairly certain that the minimum interval for intermittent 
stimulation, such that the stimuli can be reacted to separately, is at a 
frequency of about 55 per second. This value compares nicely with 


TABLE I 


Critical Intensity of Illumination for Threshold Response in the Bee as Function of 

Frequency of Flicker 


Frequency of flicker 
per sec. 

I 

P.E./ 

2.4 

millilamherts 

0.011 

±0.0018 

3.1 

0.019 

0.0019 

4.0 

0.033 

0.0018 

6.0 

0.064 

0.0040 

8.0 

0.111 

0.0056 

10.6 

0.171 

0.0043 

13.3 

0.256 

0.0161 

17.2 

0.546 

0.0419 

21.7 

0,706 

0.0306 

23.8 

0.761 

0.0902 

27.0 

0.915 

0.0634 

31.7 

1.270 

0.0699 

35.7 

1.281 

0.0837 

38.4 

1.633 

0,0600 

42.5 

2.956 

0.0633 

47.6 

7.474 

0.587 

50.0 

11.85 

0.711 

52.6 

57.66 

3.682 


the findings for the dragon-fly (Salzle, 1932); the maximum value 
found there was 59.7 per second. 

The data for critical flicker frequency at different intensities be¬ 
tween 1/100 and 100 millilamberts are presented in Table I. The 
values for threshold intensities are mean values for the number of bees 
tested in each case (n = 10), with the probable errors of the threshold 
intensities. 
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The datajshow that at low flicker frequency the intensity for the 
threshold||[response is small. As the flicker frequency is increased, 
the intensity has to be increased, at first more rapidly and then only 



Fig. 2. Relation between critical flicker frequency and illumination. Single 
readings from 180 bees at 18 different flicker frequencies. The points represent 
averages of 10 tests. 


slightly, with relatively great increase of frequency, until finally at 
very high flicker frequencies the increase in intensity is again greater. 

The data are plotted in Fig. 2, where the flicker frequency is plotted 
against the logarithm of intensity. Fig. 2 shows that the points 
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representing the mean values fall on a smooth S-shaped curve. This 
curve has great similarity to the ones given by Salzle (1932) for the 
dragon-fly, and to the visual acuity curve for the bee (Hecht and 
Wolf, 1928-29; Wolf, 1932-33 b). 

In comparing the flicker curve for the bee with the visual acuity 
curve it is significant that the threshold for visibility in the visual 
acuity tests and the lowest intensity at which the bee reacts to a very 
low flicker frequency are identical. By using still lower frequencies 
for flicker, and decreasing the intensity correspondingly, no reaction 
of the bee is obtained. The bee starts to react as soon as the intensity 
is above 0.007 millilamberts with flash frequency above 2.4 per second. 
At a speed of less than 2.4 sectors per second passing in front of the 
bee’s eye, no reaction could be obtained even at higher intensities. 
While the bee is moving freely in the compartment the slow motion of 
the sectors is negligible compared with the bee’s own velocity of 
progression, so that no reaction takes place. We thus have to assume 
that at least two changes from light to dark have to take place to cause 
the reaction of a bee which is permitted to move freely. 

With higher flicker frequencies the threshold intensity for response 
increases. In comparing the flicker curve with the visual acuity curve 
it can be shown that the increase is in the two cases identical. The 
inflection point of the flicker curve occurs at an intensity of about 1 
millilambert, which is found also for the visual acuity curve (Hecht 
and Wolf, 1928-29; Wolf, 1932-33 b). At higher flicker frequencies, 
above the inflection point, the intensity has to be increased more 
rapidly per unit increase in flicker frequency to cause the bee to react, 
until at a frequency of about 54 flickers per second the curve reaches 
a maximum level and flattens out, the intensity for the response being 
very high. This intensity corresponds fairly well to the highest 
intensity for visual acuity tests at which the bee’s eye reaches the 
maximal resolving power. 

For further comparison of the flicker curve with the visual acuity 
curve the following considerations are of importance. It has been 
assumed for the human eye (Hecht, 1927-28) and the bee’s eye (Hecht 
and Wolf, 1928-29) that the mosaic of retinal elements, or in case of 
the facetted eye the ommatidia, have different thresholds. The 
increase in resolving power of an eye at higher intensities can thus be 
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explained by the assumption that with increasing intensity more and 
more elements are actively functioning. The elements with different 
thresholds being distributed over the eye at random, with higher 
intensities it is to be assumed that elements with the same threshold 
lie closer together and provide thereby a higher visual acuity. 

In studying the relations between threshold intensities and critical 
flicker frequencies the same threshold relations for the different 
ommatidia must play a part during response. At low intensities, while 
only few elements are functional and thus very much wider apart from 
each other than at higher intensities when others come into play, 
bees can react only to a slow flicker frequency, giving the reacting 
elements far apart time enough to be stimulated over a certain period 
to cause a photochemical effect during stimulation and to come back 
to the original threshold condition during the period of darkness. If 
at a low intensity the flicker frequency is made greater, the time of 
exposure to light for the elements with a low threshold and the corre¬ 
sponding period in dark would be smaller than necessary for causing 
adequate photochemical effect in the retinal element or for providing 
enough time to build up in darkness enough new photosensitive 
material necessary for reaction to the next flash of light. This means 
that the elements come to a stationary condition where light and dark 
reactions come to an equilibrium without setting off any impulses 
during Ulumination (Hecht, 1922-23, 1931; Hecht and Wolf, 1931-32; 
Salzle, 1932). 

As the intensity is gradually increased the bee is able to react to 
higher and higher flicker frequencies. With higher intensities the 
thresholds of more and more elements of the ommatidial mosaic are 
reached. As their distribution at random calls for the assumption 
that the distance between functional elements becomes smaller and 
smaller, faster transitions from the unexciting to the exciting state 
of the ommatidial surface can be reacted to. At an illumination such 
that the thresholds of all elements are exceeded, the maximum capacity 
of perceiving flicker singly is arrived at. As with increasing intensity 
more elements with higher thresholds come into play, the amount of 
light impinging upon such elements is greater, causing a photochemical 
effect during which the photosensitive material present is decomposed. 
During the period in darkness, which with higher flicker frequency is 
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shorter, the photosensitive material is replenished probably by a 
reaction of second order following the mass law. Thus for elements 
of higher and higher threshold the period in the dark needs to be shorter 
to bring them back to their original condition of excitability. Conse¬ 
quently the bee can react to higher frequencies of flicker at higher 
intensities. If, however, the flicker frequency is increased still further, 
which gives each element again shorter times of exposure and shorter 
periods for recovery, we again find the elements in a stationary state 
during which light and dark reactions come to an equilibrium not 
affected by any one flash of light because the photosensitive material 
is below threshold concentration, nor replenishing during the dark 
period any considerable amount of photosensitive material, because 
the light reaction does not really get started, and consequently does 
not cause any reaction in the opposite sense. Under these conditions 
the flickering visual field for the bee has the effect of a stationary one 
uniformly illuminated, and no reaction to the rapidly moving sectors 
is obtained. 


Ill 

The variability of the determination of the threshold intensities at 
which the bee begins to react to different flicker frequencies is of 
particular interest. In previous tests on intensity discrimination of 
the bee in relation to visual acuity (Wolf, 1932-33 a, 6; Wolf and Cro- 
zier, 1932-33) it was shown that the variation of the increase in light 
intensity is a function of the width of the stripes and of the illumina¬ 
tion. The analysis of the data indicated that the amount of variation 
depends in part upon the frequency of alternate stimulation of the 
ommatidia of the bee’s eye. 

In testing the bee’s reaction to different flicker frequencies at 
different illuminations, a study of the variation of threshold intensity 
necessary to give threshold response gives further support to the 
assumption that the variation depends on the frequency of transition 
of the retinal elements from one state of excitation to the other. 

For the threshold intensities which just elicit the first response of 
the bee, the probable errors were computed according to Peter’s 
formula (Table I). With increasing flicker frequency from 2.4 to 
52.5 per second, the probable error increases over a thousand times. 
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The logarithm of P.E./ is plotted against flicker frequency in Fig. 3. 
The points for P.E./ at different flicker frequencies fall on an inverse 
S-shaped curve, compared with the flicker curve given in Fig. 2. Log 
P.E./ for threshold intensity increases smoothly for flicker frequencies 
between 2.4 and 25 per second. For frequencies between 25 and 42 
per second P.E./ keeps more or less on an even level and rises more 
rapidly than for the lower part of the curve for frequencies above 45. 
Comparing the respective points for different flicker frequencies, in 



Fig. 3. Relation between the logarithm of the probable error of threshold 
intensity I and flicker frequency. 


Figs. 2 and 3, it is apparent that in the lower part of the curve in Fig. 
2 for a relatively small increase in flicker frequency the increase in 
intensity has to be rather great for causing threshold response; in 
Fig. 3 over the same range of flicker frequencies P.E./ increases 
smoothly. The middle part of the flicker curve (Fig. 2) is steep, which 
means that over a relatively wide range of increasing flicker frequency 
the increase in intensity needs to be only slight. For the correspond¬ 
ing flicker frequencies, in Fig. 3, log P.E./ increases only very little 
which corresponds to the small increase in intensity over the steep 
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part in Fig. 2. The flicker curve above the inflection point tends to 
flatten out rather rapidly, with increasing flicker frequency, which 
means in terms of intensity that its increase has to be rather great 
for a small increase in flicker frequency to cause the bee to react. The 
corresponding part for flicker frequencies in Fig. 3 shows that P.E./ 
increases steeply up to the highest frequency at which the bee was 
found to give a definite reaction. 

This variation of threshold intensity in relation to flicker frequency 
can be interpreted with the help of our previous findings (Wolf, 1932- 
33 a; Wolf and Crozier, 1932-33). At low intensities and the corres¬ 
ponding low flicker frequencies, where only few elements are concerned 
—for the others the intensity is below threshold—the occurrence of 
alternate stimulation of the functional elements is small. As the 
intensity increases and more elements come into play the critical 
flicker frequency increases and with it the occurrence of alternate 
stimulation of elements, for which reason we have to expect an increase 
in the variation of the threshold intensity (cf. Wolf and Crozier, 1932- 
33), up to the point where for relatively small increase in flicker fre¬ 
quency the intensity increase had to be great. For the range over 
which increase in flicker frequency is high but increase in intensity 
small—which means that only for few additional elements the thresh¬ 
old is reached and consequently the increase in alternate stimulation 
is only slight—P.E./ stays almost at an even level. For any further 
increase in flicker frequency the intensity has to be raised more 
rapidly again. New series of elements come into function by which 
the frequency for alternated stimulation for neighbor elements is 
growing and with it the probable error for measured intensity for 
threshold response. This agrees in a very striking way with the 
analysis previously given (Wolf and Crozier, 1932-33) upon the 
basis that the variation of the measured intensity for threshold 
response depends upon the intensity of the excitation induced, and 
that in this intensity there are two distinct elements; namely, the 
intensity of illumination and the frequency of exposure. 

In Fig. 4 the data on variation are presented in still another way. 
The graph shows that the P.E. for threshold intensity is a power 
function of the intensity (cf. Wolf, 1932-33 a). This relationship will 
be understood readily by remembering that any increase in illumina- 
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tion (a/) calls for addition of elements to the set of functioning ones 
already concerned at that particular intensity. As more elements 
are involved, the chance of alternate stimulation of neighbor elements 
increases, and with that P.E./ has to increase according to our previous 
considerations. Fig. 4 thus gives an illustration of the dependence of 



Fig. 4. Relation between the logarithm of the probable error of threshold 
intensity I and light intensity at which a response of the bee is obtained. 


the variation of the threshold intensity upon the flicker frequency 
from a different point of view than is concerned in Fig. 3. 

SUMMARY 

The bee’s characteristic response to a movement of its visual field is 
used for the study of the relation between critical frequency of flicker 
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and illumination. The critical flicker frequency varies with illumina¬ 
tion in such a way that with increasing flicker frequency the intensity 
of illumination must be increased to produce a threshold response in 
the bee. 

The illuminations required to give a response in a bee at different 
flicker frequencies closely correspond to the intensities for threshold 
response in visual acuity tests. This is due to the different thresholds 
of excitability of the elements of the ommatidial mosaic. 

An analysis of the variation of the values for threshold intensities 
at the several flicker frequencies shows that the variation depends 
upon flicker frequency and upon the number of elements functioning 
at different intensities. 
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protein or other material into equilibrium with a definite partial 
pressure of water vapor than to obtain a uniform sample of definite 
water content. 

2. Whether or not the process of denaturation is assumed to be 
essentially a reaction between protein and water, it is obviously desir¬ 
able to have a measure of water concentration or activity. The rela¬ 
tive humidity {p/p^ is the most suitable quantity for this purpose. 

3. The results are in a form which may be directly compared with 
analogous experiments on the death rate of living organisms in at¬ 
mospheres of various relative humidities. It is, of course, in general 
impossible to determine the actual quantity of water taken up by 
microorganisms. 

In addition, however, we have determined the actual water content 
of the heated and unheated egg albumin corresponding to each value 
of the relative humidity, so that it is also possible to relate the dena¬ 
turation temperature directly to that quantity. The necessary ex¬ 
perimental data are given in the last section of this paper. 

Technique 

The technique employed was similar to that used by Lrewith. Dry, crystalliz- 
able egg albumin was prepared by drying salt-free solutions over PaOs in an elec¬ 
tric refrigerator. The resulting material is white, readily soluble in distilled 
water except for a trace (< 2 per cent), and is capable of being recrystallized from 
(NH 4 )aS 04 solution. Samples of this dry protein were placed in desiccators at 
room temperature over saturated salt solutions giving a wide range of relative 
humidities. 

When the protein had come into equilibrium (as determined by constancy of 
weight) with water vapor at each relative humidity, three or four samples from 
each desiccator were placed in small tubes, sealed, and blown into a small bulb at 
one end. These tubes were made of 0.3 cm. thin walled glass tubing and were 
originally about 3.75 cm. long and of 0,25 cc. internal volume. The sample placed 
in each tube weighed from 5 to 10 mg. The open tubes were replaced in the desic¬ 
cators from which the respective samples had been withdrawn and were left there 
for several days in order to insure continued equilibrium between protein and water 
vapor from the saturated salt solutions. Finally, the tubes were quickly sealed at 
such a distance as not to affect the egg albumin. The glass immediately in con¬ 
tact with the protein never became so warm that it could not comfortably be held. 
Samples were repeatedly tested and found to possess the same solubility as the 
original material. 

The tubes of native egg albumin in equilibrium with atmospheres of various 
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rebtive humidities {p/p^ so obtained were heated in an air thermostat at several 
temperatures to determine the range for each relative humidity in which the protein 
neither became completely insoluble nor remained entirely soluble in a definite 
time interval. Solubility was determined by observing the behavior of particles 
of the protein in a drop of distilled water on a microscope slide. Because of the 
extremely high temperature coefficient of denaturation, the range can be easily 
determined to within less than 10°C. The centers of the ranges determined for 
the various relative humidities are taken to correspond approximately to tem¬ 
peratures of equal denaturation velocity. 

EXPERIMENTAL RESULTS 

Tables I and II give the experimental data corresponding to heat¬ 
ing times of 10 minutes and 60 minutes, respectively. 

The data are siunmarized in Table III and presented graphically 
in Fig. 1. 

It will be observed from Fig. 1 that the temperature of denatura¬ 
tion is very closely a linear function of the relative humidity. 
The points referring to p/p, = 0 per cent and a heating time of 60 
minutes, and to p/p, = 20 per cent for both heating times fall furthest 
from the straight line. The latter deviation is undoubtedly due to 
the fact that the potassium acetate solution had not remained satu¬ 
rated, and therefore the humidity must have been too high. This 
fact also explains the apparent high value for the sorption of water at 
this relative humidity (see below). The former deviation (at p/p, 
— 0 per cent) cannot be explained in this manner. According to the 
statement of Wichmann, thoroughly dry egg albumin remains soluble 
after heating at 150°C. for several hours. In our experiments, how¬ 
ever, we could never obtain soluble protein at so high a temperature 
even after 1 hour. Several months after the main series of experi¬ 
ments was carried out, we repeated the tests at p/p, = 0 per cent 
with egg albumin samples which were dried with special care over 
PjOs. The temperature of denaturation was essentially the same as 
that previously found. 

DISCUSSION 

The experimental relation between relative humidity and the tem¬ 
perature of denaturation may be reduced to a more easily compre¬ 
hensible form by assxuning that the Arrhenius equation 

Q 

In ^ » ■— + constant 
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TABLE I 


Dependence of Temper (dure of Denaturation upon Relative Humidity. Time of 

Healing = 10 Minutes 


Initially in equilibrium with 

Pit, 

20*C. 

Temperature 

of 

thermostat 

Solu¬ 

bility* 

Range of 
partial 
denaturation 

Hid- 
point of 
range 


per cent 

“C. 


“C. 

•c. 

PA. 

0 

136.0-136.5 

+++ 



U 

it 

153 -154 

+++ 



it 

« 

158 -159 

++- 



u 

it 

166 -167 

— 



a 


168 -169 

— 

158-166 

162 

LiCl-HjO (saturated solution). 

15 

136.0-136.5 

+++ 



4< ti it 

it 

145 -146 

+++ 



it it it 

it 

153 -154 

— 



U it it 

it 

166 -167 


146-153 

150 

K Ac (saturated solution). 

20 

128 -129 

+++ 



it u it 

it 

130.5-131.5 

+++ 



ti ft it 

it 

135 -136.5 

— 

130.5-135 

133 

CaCl] *61120 (saturated solution)... 

32 

113 

+++ 



it it ti 

it 

114.5-115.5 

+++ 



it it ti 

it 

121.5-122.5 

+++ 



it it it 

it 

127 -128 

+±— 



it it ti 

it 

131 -132 

— 

125-131 

128 

KCNS (saturated solution). 

47 i 

105 -106 

+++ 



it it it 

. 

it 

108.5-109.5 

+— 



it if ft 

it 

111.5-113 

— 


108 

NaBr *21120 (saturated solution)... 

58 

90 - 91 

+++ 



it it it 

it 

95 

+++ 



it it it 

it 

97 -98 

+++ 



it it it 

it 

100 

+++ 



it it it 

it 

104.5-105.5 

+— 


103 

NaClOi (saturated solution). 

75 

81 -82 

+++ 



it it it 

it 

84 

+++ 



it it it 

it 

91.5-92.5 

— 



it it ti 

it 

95 

— 



it it it 

. 

it 

97 -98 

— 

85- 91 

88 
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TABLE I — Concluded 


Initially in equilibrium with 

i p/p. 
i 20*C. 

Temperature 

of 

thermostat 

Solu¬ 

bility* 

Range of 
partial 
denaturation 

Mid¬ 
point of 
range 


per cetU 

“C. 


•c. 

•c. 

KBr (saturated solution). 

S4 

73 - 74 

!+++ 



(( « « 

« 

78 - 79 

++- 



it u u 

tt 

82 

— 



a it u 

tt 

90 -91 

— 

75- 81 

78 

NH4H2PO4 (saturated solution).... 

93 

65 - 65.5 

++- 



a it u 

tt 

69.5- 70.5 

+ - 



it tc a 

tt 

73 - 73.5 

— 

65- 71 

68 

H2O. 

Saturated 

65 - 65.5 




It 

tt 

69.5- 70.5 




tt 

tt 

73 - 73.5 

— 

64- 71 

67.5 


* The pluses and minuses indicate the approximate solubility of the heated egg 
albumin in distilled water. 


applies.* This assumption is justified since the Arrhenius equation 
is known quite generally to describe the dependence of the velocity 
of chemical reactions upon temperature. In particular, the dena- 
turation of egg albumin in dilute solution follows this equation 
(Lewis, 1926). 

An experimental relation which greatly facilitates the application 
of the Arrhenius equation is that the temperature coefficient (and 
the critical increment, also) of the denaturation reaction is, within 
the limits of error, independent of the relative humidity. This is 
merely another way of expressing the fact illustrated in Fig. 1 that 
the denaturation temperature: relative humidity curves, correspond¬ 
ing to heating times of 10 minutes and 60 minutes, are very closely 
parallel. It also follows, of course, that the reciprocal of the absolute 
temperature of denaturation is a linear function of p/p, and the curves 
for the two heating times are parallel. 

By means of the Arrhenius equation it is possible from a knowledge 
of the relative velocities of the denaturation process at the same rela¬ 
tive humidity but at two different temperatures (Fig. 1) to calculate 

* The author wishes to express his appreciation to Professor E. A. Guggenheim 
for pointing out this method of interpreting the experimental data. 

















TABLE II 


Depmdence of Temperature of Defiaturation upon Relative Humidity, Time of 

Heating = 60 Minutes 


Initially in equilibrium with 

PIP* 

20"C. 

Temperature 

of 

thermostat 

Solu¬ 

bility* 

Range of 
partial 
denatura- 
tion 

Mid¬ 
point of 
range 


ptT cent 

•c. 


•c. 

•c. 

PaOii . 

0 

133 -134 

+ + + 



it 

tt 

139 -140 





tt 

144 -145 

— 



u 

tt 

149 -150 

— 

137-143 

140 

LiCl (saturated solution). 

15 

128.5-130 

+ + + 



t< « << 

tt 

133 -134 

+ db- 



t< it u 

tt 

140 -141 

— 

131-137 

134 

KAc (saturated solution). 

20 

120 -121 

+ + + 



(( tt tt 

tt 

124 -125.5 




<< {< 

tt 

125 -126.5 

— 



« « <( 

tt 

128 -129 

— 

122-126 

124 

CaCb (saturated solution). 

32 

111 -113 

+ + + 



(C u u 

tt 

118 -119 

+4-4- 



tt tt tt 

tt 

120 -121 

++- 



tt tt tt 

tt 

124 -125 

— 



tt tt tt 

tt 

125 -126.5 

— 

119-123 

121 

KCNS (saturated solution). 

47 

90.5- 91.5 

+++ 



tt tt tt 

tt 

95 - 96 

+++ 



tt tt tt 

tt 

99 -101 

+- 



tt tt tt 

It 

111 -113 

— 

96-102 

99 

NaBr' 2 H 20 (saturated solution).... 

58 

86 - 87 

+++ 



tt tt tt 

tt 

90.5- 91.5 

++- 



tt tt tt 

tt 

95 - 96 

— 



tt tt tt 

tt 

99 -101 

— 

90- 96 

93 

NaClOs (saturated solution). 

75 

70.0- 70.5 

+++ 



tt tt tt 

tt 

74 - 75 

++- 



tt tt tt 

tt 

80 - 81 

=fc- 



tt tt tt 

tt 

86 - 87 

— 

73- 81 

77 

KBr (saturated solution). 

84 

59.0- 59.5 

+++ 



tt tt tt 

tt 

65 - 65.5 




tt tt tt 

tt 

70.0- 70.5 

— 



tt tt tt 

tt 

74 - 75 

— 

62- 68 

65 

NH 4 H 2 PO 4 (saturated solution). 

93 

51.5 

+++ 



tt tt tt 

« 

56 




tt tt tt 

iC 

59 - 59.5 

±- 



tt tt tt 

« 

65 - 65.5 

— 

54- 60 

57 


TJie pluses and minuses indicate the approximate solubility of the heated egg 
albumin in distilled water. 
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the relative velocity at any other temperature. This can be done for 
every experimentally determined temperature of denaturation cor¬ 
responding to every relative humidity. Actually, absolute values of 
denaturation velocity have not been calculated but only the logarithms 
of the relative velocities referred to the velocity at 100'’C. and pjp, 
= 58 per cent as unity. 


TABLE HI 


Summary of Data for Dependence of Temperature of Denaturation upon Relative 

Humidity 


t/t. 

Temperature of half denaturation 
in 10 min. 

Temperature of half denaturation 
in 60 min. 

percent 

•c. 

•c. 

0 

162 

140 

15 

150 

134 

20 

133 

124 

32 

128 

121 

47 

108 

99 

58 

103 

93 

75 

88 

77 

84 

78 

65 

93 

68 

57 


Fig. 2 illustrates the remarkable fact that the logarithms of the 
relative velocities at any definite temperature are a strictly linear 
function of the relative humidity, i.e. 

\n k ^ a* p/Pt + h 


or 


where k is the denaturation reaction velocity constant, e is the base 
of the natural system of logarithms, p/p, is the relative humidity, 
c is a constant dependent upon the temperature but independent of 
the relative humidity, and a and b are constants independent of both 
of these variables. 

This is the first time to our knowledge that an exponential relation 
has been observed between the velocity of a chemical reaction and 
the concentration of one of the reacting substances. Although it is 
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evident that the concentration of water is of extreme importance in 
determining the velocity of denaturation, it is difficult to imagine 
what is the physical meaning of the exponential law. A possible 



Fig. 1. The dependence of the temperature of denaturation of egg albumin upon 
the relative humidity of water vapor. ^—experimental heating time 10 minutes; 
—experimental heating time 60 minutes. 


line of explanation is that the variation of the relative humidity not 
only alters the concentration and activity of the water, but also affects 
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the freedom of the water molecules to move between and upon the 
relatively immobile protein molecules and aggregates. The relative 
immobility of the water at low vapor pressure may be even more im- 



Fig. 2. Showing that the logarithm of the velocity constant of heatdenaturation 
is a linear function of the relative humidity, o—experimental heating time 10 
minutes; A —experimental heating time 60 minutes. 

portant in lowering the denaturation velocity than is the reduction in 
water concentration. 

We have assumed that water actually reacts with the protein in 
the heat denaturation process. It must be admitted, however, that 
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our observations give no conclusive proof that this is true. It is 
conceivable that the indirect influences which we have just discussed 
can account for the entire importance of the water. Nevertheless it 
seems highly probable that the r61e of the water is also a direct one. 
These kinetic experiments must be considered to support this hy¬ 
pothesis. 

We wish to point out that the observed relation between the tem¬ 
perature of denaturation and relative humidity affords a very direct 
method of studying the mechanism of thermal death in partially 
dried microorganisms such as bacterial spores and protozoan cysts. 
The effect of humidity is so great that its influence upon thermal death 
rate may be easily studied even in the presence of disturbing factors. 
And if it could be shown that the same relation also applies to this 
phenomenon, then that would constitute important evidence in 
support of the hypothesis that thermal death of dry microorganisms 
is due to protein alteration. Such experiments are in progress. 

Waier Vapor Pressure Isotherms of Native and Heat-Denatured Egg 

Albumin 

As mentioned above, we have determined the water content of 
egg albumin as a function of the relative humidity over the entire 
range. These data are useful not only as a means of converting 
relative humidities into water contents and vice versa, but they also 
constitute a contribution to the question, so frequently discussed, 
of the gain or loss of water accompan 3 dng heat denaturation. 

The sorption isotherms were determined by the desiccator method. 
Approximately 1 gm. of dry but soluble and crystallizable egg albu¬ 
min was placed in each of thirty small weighing bottles. These were 
divided into two groups of fifteen each, one group being heated in a 
pressure steam sterilizer at iS pounds per sq. inch for 10 minutes to 
give the denatured egg albumin, while the other group remained at 
room temperature. Half of the bottles of each group were brought 
to constant weight over PaOs (p/p, = 0 per cent), the other half of 
each group being similarly brought to equilibrium over a solution 
saturated with NH 4 H 2 PO 4 ipJP, = 93 per cent). After this initial 
equilibrium had been attained, sorption experiments were carried 
out with one set of bottles by placing them in vacuum desiccators 
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over solutions of higher relative humidities, while the other set was 
placed at lower relative humidities for desorption experiments. In 
all experiments the anhydrous weight of the protein was determined 
as the final constant weight obtained over solid P 2 O 6 which will un¬ 
doubtedly agree closely with Sorensen andH^yrup’s (1917) anhydrous 
protein dried to constant weight over solid potassium hydroxide. 

1 or 2 weeks were required to attain constant weight. The change 
of weight was followed by weighings made on an analytical balance 
every 1 to 4 days. As soon as the desiccators were opened for weigh¬ 
ings, the ground glass stoppers were placed on the weighing bottles 
contained therein. 

We shall especially mention that the solubility and crystalliz- 
ability of the dried native egg albumin were tested at intervals through¬ 
out the duration of the experiments. Every sample was found to be 
completely or almost completely (> 98 per cent) soluble in distilled 
water and almost all were recrystallizable from ammonium sulfate 
solution. 

Table IV gives the experimental data which are represented graphi¬ 
cally in Fig. 3. 

The experimental data may be summarized by the statement that 
heat-denatured egg albumin takes up approximately 80 per cent as 
much water at each particular relative humidity as does native crys- 
tallizable egg albumin. This conclusion is in agreement with the 
less complete experiments of Sorensen and Sj^rensen (1925), Katz 
(1917), and Adair and Robinson (1931) as regards both the sign and 
the magnitude of this effect. 

A comparison of the results of these sorption experiments with those 
from the study of the dependence of denaturation velocity upon 
relative humidity leads to the apparently anomalous conclusion that 
whereas water is necessary for denaturation and denaturation itself 
probably involves a reaction of the protein with water, yet the de¬ 
natured protein is less heavily hydrated than the material from which 
it is derived. Even if the kinetic evidence demands the conclusion 
that the denaturation reaction actually involves a combination of 
water with the protein, it nevertheless can suggest nothing at all 
about the properties of the resulting protein. The quantity of water 
which might react would be too small to be analytically demonstrable 



TABLE IV 


Sorption of Water by Native and Denatured Egg Albumin, Temperature Rangey 
20-26.7S^C. Mean Temperaturey 23^C, xlm in Gm. Per Gm, of Anhydrous 

Protein 


Protein in 

eqtiilibrium with satu< 
rated solution of 

p/p, 

20"C. 

Sorption 

Desorption 

Mean xjm 

Ratio b/a 

Native 

Dena¬ 

tured 

Native 

Dena¬ 

tured 

Native 

Dena¬ 

tured 

(a) 

m 


per cent 







per cent 

LiClHsO 

15 

0.0376 


am 


















an 











0.0417 


87 

KAc 

20 



0.0682 





CaClr6H,0 

32 




HI 




















0.0599 

74 

KCNS 

47 





0.1021 



NaBr-2H,0 

58 
















81 

NaClO, 

75 

0.1637 

0.1419 

0.1744 







0.1695 























0.1322 

78 

KBr 

84 













0.1788 









0.1730 



81 

NH4H*P04 

93 

Sll 

Hi 









InKHS 












































1 


















u| 






76 

Hrf) 

Satu¬ 

0.7495 








rated 

0.7237 

0.3670 






Mean. 

79.5 per cent 

Mean deviation 








3.5 per cent 
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RELATIVE HUMIDITY, -£ X 100 

Fig. 3. Sorption of water by native and heat-denatured egg albumin, o— 
sorption, native; •—desorption, native; A —sorption, heat-denatured; A de¬ 
sorption, heat-denatured. 
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(Hirsh-Pogany, 1922), and would be, moreover, entirely masked by 
the lesser affinity of the new protein derivative for water. 

SUMMARY 

1. The denaturation rate of partially dried crystallizable egg albu¬ 
min is greatly decreased by decreasing its water content. 

2. The temperature of denaturation, defined as the temperature 
at which half of the protein becomes insoluble in distilled water after 
a definite time of heating, is a linear function of the relative humid¬ 
ity with which the protein is in equilibrium. 

3. By applying the Arrhenius equation it is shown that the rate of 
heat denaturation at a given temperature is an exponential function 
of the relative humidity. 

4. The application of the observed relations to the analysis of the 
mechanism of thermal death of microorganisms is suggested. 

5. The water content of native and heat-denatured egg albumin is 
determined as a function of the relative humidity of water vapor. 
It is shown that the heat-denatured modification takes up approxi¬ 
mately 80 per cent as much water at all relative humidities as does 
native egg albumin. 

In conclusion the author wishes to express his appreciation to 
Professor J. W. McBain for advice and criticism during the progress 
of this work. 
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GELATINASE AND THE GATES-GILMAN-COWGILL 
METHOD OF PEPSIN ESTIMATION 

By ELIZABETH R. B. SMITH* 

{From the Department of Physiological Chemistryj Yale University^ New Haven) 
(Accepted for publication, June 15,1933) 

The convenience of the Gilman and Cowgill development (5) of 
the Gates technique (3, 4) for the estimation of proteolytic power has 
encouraged its wide adoption. This method is photometric and de¬ 
pends on the decrease in opacity of a completely developed photo¬ 
graphic film after treatment with a solution of a protease. The 
principle involved here is the partial solution of the gelatin which holds 
the particles of completely reduced silver. The writer has used this 
method in over 12,000 determinations on canine gastric juice. 
Northrop’s conclusion (6) that crude pepsin contains a specific gelatin- 
liquefying enzyme (“gelatinase”), in addition to crystallizable pepsin, 
made it advisable to ascertain whether the method really measures 
the activity of pepsin, of gelatinase, or of both. 

Northrop (6) distinguished gelatinase from pepsin in part by the 
greater resistance of the former to alkali: whereas pepsin was com¬ 
pletely inactivated at pH values above 9, gelatinase was stiU more than 
SO per cent active at that alkalinity, and retained some effectiveness 
even at values above 10. Advantage was taken of this difference to 
test qualitatively for gelatinase activity in both the commercial pepsin 
standard (Armour and Co., u. s. p. 1:10,000) and in canine gastric 
juice. 

For these experiments a series of standard buffers was prepared 
ranging from an acidity of approximately pH 1 to an alkalinity near 
13. The series chosen was that of Sorensen, described by Clark (2, 
pp. 203-210); glycine-NaCl-HCl, glycine-NaCl-NaOH and citric 

* A part of these data are contained in the dissertation presented by Elizabeth 
R. B. Smith to the Faculty of the Graduate School, Yale University, May, 1933, 
in partial fulfillment of the requirements for the degree of Doctor of Philosophy. 
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acid-NaOH were the three series selected. The hydrogen ion concen¬ 
trations of all these solutions were determined by a hydrogen elec¬ 
trode in a cell whose liquid jimction potential was assumed to be 
eliminated by the insertion of a saturated KCl bridge. The cell used 
was: 


Pt, Hj/buffer/saturated KCl/HgCl/Hg. 

In calculating the pH values, the equations recommended by Clark 
(2) were used. 

In these tests, three series of “peptic activity” estimations were made 
under the usual conditions of the Gilman-Cowgill method (5) except 
for the hydrogen ion concentrations of the buffers in the cells. Series 
A was a blank, buffer only being placed in the cells. Series B con¬ 
tained a 0.5 per cent concentration of the 1:10,000 pepsin normally 
used as a standard in the determination. Series C held a mixture of 
canine gastric juice samples diluted in each case with four parts of the 
buffer solution. The results obtained are best expressed by Table I. 
The unitage of “pepsin” recorded was calculated from a standard line 
set by a dilution series run in the usual way on films of the same pre¬ 
liminary reading as those of the experimental series. For a more 
detailed explanation of this the reader is referred to Gilman and 
Cowgill’s description of the method (5). Here, however, 1 per cent 
of the 1:10,000 commercial pepsin represents 100 units per cc. instead 
of 1000 units, the value adopted by Gilman and Cowgill. 

By reference to Table I it can be seen that above pH 8.5 no proteo¬ 
lytic power was evinced. The change in opacity of the films of Series 
B and C at these higher pH values was no greater than that of the 
more alkaline members of Series A. The results were the same whether 
the solutions were made up 24, 12, or 2 hours prior to the running of 
the series. 

At the suggestion of Dr. J. H. Northrop, further experiments were 
made to determine more exactly the value of the gelatin film method in 
the measure of the peptic or gelatinase activity of protease solutions. 
Dr. Northrop kindly furnished us with three solutions whose activity 
had been determined by various methods including the hemoglobin 
technique of Anson and Mirsky (1) and the gelatin viscosity method 
of Northrop and Hussey (8) as later modified by Northrop (7). These 
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three test solutions may be described as follows; Solution P D, 0.8 
per cent commercial pepsin containing 0.022 unit per cc. by the hemo¬ 
globin technique and 2.1 units per cc. by the gelatin viscosity method; 
Solution C, four times recrystallized pepsin testing as 0.022 unit by 


TABLE I 


Buffer pH* 

Peptic activity in units per cc. 

Buffer only. 

Series A 

0.5 per cent ^psin. 
Scries fi 

Diluted canine gastric 
juice. Series C 

1.05 

— 

53 

120 

1.44 

— 

55 

114 

2.12 

— 

50 

115 

2.46 

— 

42 

100 

2.78 

— 

43 

100 

3.20 

— 

! 40 

96 

3.58 

— 

37 

91 

4.01 

— 

30 

75 

4.40 

— 

26 

69 

4.51 

— 

28 

70 

5.04 

— 

20 

50 

5.58 

— 

18 

42 

6.02 

— 

10 

21 

6.74 

— 

5 

11 

8.47 

— 

Trace 

? 

9.22 

2 

— 

— 

9.95 

3 

2 

4 

10.30 

— 

3 

? 

11.10 

5 

4 

3 

11.88 

3 

3 

3 

12.17 

2 

5 

5 

12.64 

2 

3 

2 

12.75 

3 

3 

3 


'* These values were not materially affected by the additions of commercial 
pepsin or of small quantities of gastric juice. 


the hemoglobin procedure and 1.4 units per cc. by the gelatin viscosity 
technique; and Solution G, a crude preparation of gelatinase corre¬ 
sponding approximately to the fraction P 4 described by Northrop (6), 
and containing 0.022 hemoglobin unit and 7 gelatin units per cc. 

These three solutions were examined by the Gilman and Cowgill 
technique both at the usual reaction recommended- for the determina- 
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TABLE II 


Material 

Method 

pH 

1 

Tempera¬ 

ture 

Units per cc. 

Solution P D 

Hemoglobin 


— 

0.022^ 

0.8 per cent com- 

Viscosity 

5.0 

35.5 

2.1* 

mercial pepsin 

u 

4.5 

34.0 

1,8 


Film 

1.8 

25.0 

138.0 


it 

2.8 

25.0 

125.0 


it 

3.6 

25.0 

120.0 


it 

4.8 

25.0 

105.0 


it 

8.4 

25.0 

35.0 

Solution C 

Hemoglobin * 

— 

— 

0.022* 

4 X recrystallized 

Viscosity | 

5.0 

35.5 

1.4* 

pepsin 

u ! 

1 

4.5 

34.0 

1.2 


Film ! 

1.8 

25.0 

135.0 


u 

2.8 

25.0 

135.0 


it 

3.6 

25.0 

133.0 


it 

4.8 

25.0 

103.0 


it 

8.4 

25.0 

20.0 

Solution G 

Hemoglobin 

— 

— 

0.022* 

Gelatinase fraction 

Viscosity 

5.0 

35.5 

7.0* 


it 

4.5 

34.0 

6.0 


Film 

1.8 

25.0 

138.0 


(( 

2.8 

25.0 

140.0 


a 

3.6 

25.0 

155.0 


it 

4.8 

25.0 

175.0 


it 

8.4 

25.0 

85.0 

1 per cent Armour 

Viscosity 

4.5 

34.0 

1-7 

1:10,000 pepsin 

Film 

1.8 

25.0 

100.0 (by definition) 


it 

2.8 

25.0 

92.0 


it 

3.6 

25.0 

90.0 


it 

4.8 

25,0 

95.0 


a 

8.4 

25.0 

20.0 

Canine gastric juice 

Viscosity 

4.5 

34.0 

3.7 


Film 

1.8 

25.0 

170.0 


it 

2.8 

25.0 

180.0 


it 

3.6 

25.0 

175.0 


it 

4.8 

25.0 

165.0 


it 

8.4 

25.0 

50.0 


Value furnished by Dr. J. H. Northrop. 
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tion and at more alkaline pH values. The buffers used were similar to 
but not identical with those used in the preceding experiments and 
were also checked electrometrically with respect to hydrogen ion con¬ 
centration. A commercial pepsin and canine gastric juice were esti¬ 
mated at the same time by both the gelatin film method and the 
gelatin viscosity technique. In the latter determination, the condi¬ 
tions defined by Northrop and Hussey (8) rather than those set up by 
Northrop (7) were used; the unitage, however, was calculated by the 
method of Northrop (7). The difference in conditions no doubt ac¬ 
counts for the failure to check exactly the units as found by Northrop; 
it should be noted, however, that the values found by us are in each 
case exactly six-sevenths of the figures furnished us by Dr. Northrop. 
The findings from this later set of experiments are set forth in 
Table II. 

It is apparent from these figures (Table II) that the Gates method 
measures the same enzyme or enzymes as found by the hemoglobin 
method. Therefore it would seem that the film method determines 
chiefly pepsin, though no doubt gelatinase is a factor in some cases 
and if the pH used were higher might interfere markedly. 

The following conclusions can be drawn from the results of Tables 
I and II: The enzyme activity measured, as has been said, is the same 
by the gelatin film method as by the hemoglobin technique of Anson 
and Mirsky. The unitage of each sample as determined by the Gates 
procedure checks closely with the hemoglobin figures and is not in 
accord with the values as estimated by the gelatin viscosity method. 
The higher values obtained with the latter method on the canine 
gastric juice sample are interesting; they suggest the presence of some 
gelatinase activity in this material. This was pure gastric juice 
collected from a Pavlov gastric pouch in response to the ingestion of 
food. This finding should be followed and checked. 

The conclusion to be drawn with regard to the validity of the Gates 
method for pepsin estimation is that this gelatin film method consti¬ 
tutes as nearly a truly peptic method as does any other extant. It is 
not influenced by gelatinase as is the gelatin viscosity estimation. 
The findings at lower acidities shown in Table II suggest that the 
extremely low (almost physiological) pH, as well as perhaps the com¬ 
paratively low temperature (25‘’C.), may be a factor in this in view of 
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the fact that the comparative potency of the gelatinase increased as 
the pH approached 5, that used in the gelatin viscosity method. 

SUMMARY 

The Gates photographic film method for pepsin estimation as 
developed by Gilman and Cowgill measures an activity corresponding 
to that determined by the hemoglobin method of Anson and Mirsky 
rather than that resulting from the use of the gelatin viscosity tech¬ 
nique. Therefore, the presence of gelatinase is not a source of great 
error in the gelatin film procedure. 

The writer wishes to acknowledge her indebtedness to Dr. J. H. 
Northrop of The Rockefeller Institute for his generosity in furnishing 
the crystalline pepsin and gelatinase solutions used, and to Dr. D. I. 
Hitchcock of the Department of Physiology and Dr. Raymond Hussey 
and Dr. W. R. Thompson of the Department of Pathology, Yale 
University School of Medicine, without whose courteous loans of 
materials and apparatus these experiments would not have been 
possible. 
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THE REFRACTIVE INDICES OF WHOLE CELLS 
Hv E. S. CASTLE 

{From the Labonitory of General Physiology, Harvard University, Cambridge) 
(Accepted for publication, May 20, 1933) 

I 

To deal quantitatively with the distribution of light within the 
sporangiophore of Phycornyces, the constants of this optical system 
must be known. The following measurements were made in order to 
obtain a value of the refractive index of the cells. 

It is evident that a cylindrical cell with relatively transparent and 
homogeneous contents will function in air as a converging lens. The 
radius of curvature is one-half of the cell diameter, which may be 
measured directly with a microscope having an ocular micrometer. 
I'he refractive index of the intact cell may be determined by allowing 
parallel light to fall on the cell and measuring the focal distance. This 
method was originally applied to cellular constituents by Niigeli and 
Schwendener (1867), later to intact plant cells by Senn (1908), and to 
developing sea urchin eggs by Vies (1921). 

The focal distance which is measured with intact cells results from 
the combined action of all cellular constituents, which may not have 
the same refractive indices. According to Oort and Roelofsen (1932) 
the chitinous wall of the sporangiophore of Phycomyces reaches a 
maximum thickness of 3 n below the growing zone, and in the growing 
zone is less than 1 /x thick. The diameters of the sporangiophores 
used in these measurements ranged from 48 to 120 /x. Because of the 
extreme thinness of this wall no large error is introduced by leaving it 
out of consideration, although it certainly has a higher refractive index 
than the other cell constituents. At the growing zone, the sporangio¬ 
phore appears completely filled with a homogeneous mass of “proto¬ 
plasm.” In all other regions there is a central sap vacuole which often 
occupies one-half of the total diameter of the . cell. Focal distances 
were measured both at and below the growing zone. Since calcula- 
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tions of the refractive indices in these two regions show no significant 
difference, it is evident that the presence or absence of a central sap 
vacuole introduces an error which is within the precision of the 
method. In consideration of sources of error which will be discussed 
below, it seems justifiable to treat the sporangiophore as a homogene¬ 
ous cylinder of protoplasm in computing the effective refractive index. 



Fig. 1. Photomicrograph of the “bright line” to which parallel light incident 
from below is converged by a cell of Phycomyces in air. The line is about 0.04 mm. 
above the upper cell wall, hence no part of the cell itself is in focus. Approxi¬ 
mately X375. 

Growing sporangiophores were placed horizontally on the stage of a microscope, 
and supported at the free end to prevent sagging. At a distance of 1 meter was a 
clear, concentrated filament, 500 watt, 115 volt projection bulb, which served as a 
source of approximately parallel light. A beam of light was allowed to strike the 
plane substage mirror of the microscope, and was rellected vertically upward to 
the s{)orangiophores. The substage condenser was removed. Looking through 
the microscope, a sharp bright line could be brought into focus slightly above each 
cell (see Fig. 1). By means of the fine adjustment, the microscope tube was then 
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lowered until particles streaming in the topmost peripheral layer of protoplasm 
came into focus. The level of these moving particles could be located more 
consistently than the top of the cell wall or the middle plane of the cell. While the 
locus of this middle plane is what is desired for determination of the focal distance, 
it could not be focused upon with any degree of accuracy. The vertical distance 
through which the tube moved was equal to the difference between the readings of 
the fine adjustment micrometer in the two positions, the micrometer drum being 
graduated in single fx} Each distance was determined by separate settings for 
each cell ten times. The precision of setting was greatest with rather high powers 
of magnification (objective -- 45 X; ocular — 6 X). 

Due to the high intensity of light needed for the measurements, a monochro¬ 
matic source could not be used. Measurements made with white light are proba¬ 
bly best referred to the spectral region to which the eye is most sensitive (approxi¬ 
mately 500 mjLt). On this assumption, the index of refraction with reference to 
the sodium line (589.3 m/x) would be not more than 1 unit in the second decimal 
place less than the value obtained. TJhe measurements were carried out at a room 
temperature of 20-22°C. 

II 

The focal distance of a cylindrical lens placed in parallel light is 
the distance along the axis from the center of the lens to the spot 
where the rays converge to a ‘‘point.^’ In the procedure described 
above, not the center of the cell but a point immediately within the 
cell wall was determined. In order to find the center, a distance equal 
to the radius of the cell minus the thickness of the wall must be added. 
If 

/ = focal distance 

/' = measured distance from image to peripheral layer of protoplasm 
D = diameter of cell 
h = thickness of cell wall 

then 

/ - / + f -» (1) 

For each cell the radius was known through direct measurement of 
the diameter. The thickness of the wall was taken as 3/i {cf. Oort and 
Roelofsen, 1932). 

As a consequence of spherical abberation in a lens of such wide 

^ Many microscopes are equipped with fine adjustments containing a lever 
system, and cannot be used for the precise measurement of vertical distances. 
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aperture, all parallel rays do not converge to a point behind it. Hence 
the sharpest image which can be focused upon is a bright line of finite 
width, corresponding to the “least circle of abberation” of a spherical 
lens, which lies slightly nearer the lens than the ideal focal point. 
The magnitude of the correction of the apparent focal distance for this 
error was computed on the assumption that the refractive index of the 
cell was 1.38, the diameter of the image being estimated from photo¬ 
micrographs as 1.5 n. The least circle of abberation was foxmd to be 
probably less than 2 n nearer the cell than the true focal point. This 
source of error was therefore disregarded. 

Refractive indices were calculated by means of the following formula 
for a spherical lens: 


n 


4/t» 

if - D 


( 2 ) 


where 


n = index of refraction of the cell 

V = index of refraction of the surrounding medium (air; taken as 1) 

/ = focal distance 
D = cell diameter 

Table I gives the measurements and computed indices of refraction 
for the six cells studied. In each case, the average focal distance is 
based on ten separate determinations. The extreme values of / ob¬ 
tained for each cell are given. These extremes deviate on the average 
5 to 6 per cent from the mean values of /. 

It is evident that there is no correlation of refractive index with cell 
diameter, although the largest cells studied were nearly three times the 
size of the smallest. The values of n for the six cells may be averaged, 
yielding a mean value oi n = 1.38. Since the cell diameters were 
measured to within 1 or 2 ju, determination of the focal distance intro¬ 
duces the largest single error. 


Ill 

Senn (1908) used a similar method for measuring the refractive 
indices of entire plant cells, but obtained much higher values than 
those computed here for Phycomyces. Table II gives illustrative 
values from Senn’s work. 
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Since protoplasm is largely composed of water, it is surpr ising to 
note Senn’s finding of refractive indices for plant cells equal to those for 
crown glass or paraffin oil. Data on the optical constants of the 
human eye (von Helmholtz, 1924) also do not accord with Senn’s 
figures. As Table II shows, even the lens of the eye, specialized as it 
is for refraction of light, has a low index compared with those found 

TABLE I 


Cell diameter 


48.3 

58.4 
71.2 
90.8 

102.2 

119.1 


Minimum focal 
length 


M 

41.5 

50.1 

61.1 
75.0 

90.1 

111.1 


Maximum focal 
length 


47.0 

53.1 
69.3 

83.2 
99.1 

117.7 


Average focal 
length 


44.6 

51.6 

64.3 

79.4 
94.8 

115.4 


Average index of 
refraction 


1.37 

1.39 

1.38 

1.40 
1.37 
1.35 


TABLE II 


Object 

H 

Author 

Vaucheria repens (tballus)... 

1.47-1.48 

Senn 

it 

“ terrestris ( “ ). 

1.49-1.52 

Bryopsis plutnosd ( ** ). 

1.49-1.52 

a 

Funaria hygrometrica (paraphyses).. 

1.48 

Ci 

Phaseolus vulgaris (palisad*^ r . 

1.47 

(( 

Viciafaba ( ** ** ). 

1.49 

« 

Tataxacutn officinale ( ** ). 

1.48 

u 

Human eye. 

von Helmholtz 

Cornea. 

1.376 

Humors. 

1.336 


Lens (outer layer). 

1.386 


** (core). 

1.406 


Sea urchin egg (unfertilized). 

1.39 

Vlfe 



by Senn for plant cells. Senn seems to have corrected his measure¬ 
ments for spherical abberation by multiplying the apparent focal 
length by a constant greater than 1 and increasing with the diameter 
of the cell. This correction increases the apparent focal distance, 
and therefore lessens the value of the refractive index. Senn regarded 
its use as justified by the fact that by this means constant values of 
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refractive index could be obtained from cells of different diameters. 
No such arbitrary correction was used in the work with Phycomyces. 
Cells of widely differing diameter gave comparable values of refractive 
index, as shown in Table I. 

It may be significant that the present measurements were made in 
air, while all the cells used by Senn were submerged in water. Further¬ 
more, working with spheres of expressed protoplasm, Senn found the 
same high values of refractive index as for similar, intact protoplasm 
surroimded by a cellulose wall (n — 1.49). In view of the aqueous 
nature of protoplasm, this result is almost certainly incorrect. If 
correct, it would mean that in water cellulose wall and protoplasm 
could not be distinguished, and this is not true. The method used by 
Senn must contain a considerable hidden source of error. 

Vl^ (1921 a, b) made use of the same method to follow changes in the index of 
refraction of the sea urchin’s egg during early development. He obtained a value 
of n for the unfertilized egg of approximately 1.393. During cleavage, he recorded 
rhythmic changes amounting to a deviation of 0.014 from this value. Due to the 
sequence of form changes of the egg, only one measurement seems to have been 
made on an egg at any one stage, and the possible influence of the fertilization 
membrane was disregarded. It is obvious that under these conditions the calcu¬ 
lated indices are scarcely accurate to 2 units in the second decimal place. Changes 
in index of refraction of such eggs may occur during development, but the measure¬ 
ments of Vies do not substantiate them. His determinations agree, however, in 
general order of magnitude with those made with Phycomyces. 

SUMMARY 

Refractive indices of intact sporangiophores of Phycomyces were 
computed from measurements of focal length and radius of curvature of 
the cells. For the six cells studied, effective values of n were obtained 
ranging from 1.35 to 1.40. The average effective n was 1.38. Senn’s 
determination of refractive indices of other plants cells gave much 
higher values: n = 1.37 to 1.52. The precision of the method and 
possible sources of this discrepancy are discussed. 
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THE PHYSICAL BASIS OF THE POSITIVE PHOTOTROPISM 

OF PHYCOMYCES 

By E. S. castle 

{From the Laboratory of General Physiology, Harvard University, Cambridge) 
(Accepted for publication, May 20,1933) 

I 

The measurements described in this paper were made in order to 
find out how the net photochemical action of light falling on a cell of 
circular cross-section may be greater in the half of the cell farther 
from the source of light. It is known that in air the cylindrical, light- 
sensitive sporangiophore of Phycomyces bends toward a single source of 
light, and that the bending is due to a difference in the rates of growth 
or extension of the cell wall on opposite sides of the growing zone. 
With symmetrical illumination of the growing zone there is no bend¬ 
ing, but a temporary acceleration of growth, the light growth response. 
The conclusion is therefore unavoidable that when parallel light strikes 
the sporangiophore from one side, the bending which ensues is caused 
by relatively more growth, and hence relatively greater photochemical 
action, on the side farthest from the source of light. Since absorp¬ 
tion certainly occurs as light passes through the sporangiophore, how 
is this possible? 

Blaauw (1914) regarded the sporangiophore as a cylindrical lens 
which, because of its relative transparency, concentrated light on the 
back wall of the cell in a zone of relatively high intensity. Blaauw and 
more recently Nuernbergk (1927) were forced to conclude that the 
brightly illuminated zone on the back wall, even though flanked on 
both sides by large areas of relative shadow {cf. Fig. \ A), served to 
call forth a greater growth acceleration than was produced at the cell 
wall nearest to the light. Even neglecting absorption in the cell, this 
would mean that a certain amount of light concentrated in a small area 
of the cell is more effective than the same amount of light spread over a 
larger area. If there were small, separate zones of reception and 
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reaction within the cell, this idea might conceivably be correct. The 
radial symmetry of the sporangiophore and the fact that the region of 
sensitivity to light coincides with the region of growth do not support 
the idea. Barring the existence of such cell “organs,” explanation of 
this anomalous action of light in the terms used above is contrary to 
the whole theory of phototropism as based upon differential photo¬ 
chemical action. 

Oehlkers (1926) concluded from inadequate experimental evidence 
that lens action alone would not explain the positive phototropism of 
Phycomyces in air. He suggested that total reflection at the back 
wall of rays passing through the peripheral parts of the ceU would 
increase the net absorptive path of light within the far half of the cell. 
Unfortunately the total reflection diagramed in Oehlkers’ paper is 
physically impossible, as a glance at his incorrect geometrical construc¬ 
tion will show. 

The solution offered in this paper is based upon the following assump¬ 
tions: (1) that bending is a consequence of unequal absorption of light 
in the two halves of the cell; (2) that the primary action of light is on 
the cell protoplasm rather than on the wall; (3) that the substance 
which absorbs light is uniformly distributed within the cell. 

The first assumption is axiomatic. The second implies that the 
protoplasm of one half of the cell reacts to light more or less as a whole, 
at least as regards the production of a differential growth increment. 
That half of the cell reacts as a whole may merely mean that there is 
time for the diffusion or transport of photochemical products through¬ 
out part of the cell. The latent period of several minutes duration in 
the response of Phycomyces to light may furnish the time necessary for 
such “summation.” In any case, the light growth response of Phyco¬ 
myces is not an immediate, passive stretching of the cell wall under the 
influence of light. 

The third assumption is supported by the observation that the 
growing zone of the sporangiophore appears filled with an undifferen¬ 
tiated mass of protoplasm, without a central sap vacuole. The 
protoplasm of this zone moreover contains a yellow pigment. As 
far as can be judged by eye, this pigment is distributed throughout 
the protoplasm. The following argument would need only munerical 
correction were it shown that there is in fact a small central sap 
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vacuole, or that the pigment is mainly located in the peripheral layers 
of protoplasm. 

II 

Consider a sporangiophore of Phycomyces growing in air and struck 
by a single beam of parallel light at right angles to the long axis of the 
cell, as in Fig. 1 ^4. For simplicity, only half of the incident beam 
is represented. In the following calculations the cell has been treated 
as an optically homogeneous cylinder of refractive index 1.38 (c/. 
Castle, 1933). 

If the cell in Fig. 1.4 is bisected at right angles to the beam of 
incident light, as indicated by the dotted line, the relative distance 
traversed by each ray of light in each half of the cell may be measured 
on the diagram. Table I gives these measurements for a cell similar 
to that in Fig. 1 A, the cell radius being taken for convenience as 10 
mm. If the distances in the two halves be li and respectively, 
corresponding to the halves of the cell nearest and farthest from the 
source of light, then for the central ray only 

h = /a 

For all other rays 

i, < h 


By actual measurement on the diagram, it can be shown that for the 
whole cell 


—— = 1.32 (approximately) 

Since the density of radiation striking the cell in Fig. 1.4 is repre¬ 
sented by the arbitrary spacing of the parallel lines, it might be sup¬ 
posed that an increase in density would alter the ratio just determined. 
A more accurate result is obtained by solving graphically for the limit¬ 
ing case, when the density of incident radiation is infinite. CJeometri- 
cally, this means allowing the distance between the parallel lines to 
become infinitely small. This distance is measured in angular co¬ 
ordinates by sin i, where i is the angle of incidence of each ray on the 
cell. Graphic integration should therefore be carried out with respect 
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to an i, between the limits sin i = 0 and sin i == 1. In Fig. 2 values of 
h and h from Table I are plotted against sin i. The areas under the 


A 




C 


Fig. 1. Diagrams showing light pathways within the sporangiophore of Phyco- 
myces. At the growing zone the cell is assumed to be a homogeneous cylinder of 
protoplasm of refractive index 1.38. For convenience, rays in only one half of the 
cell are drawn in. A — cell in air; B — ra)^ of light striking the back wall in A 
are shown here partially reflected back into the cell; C — cell in paraflSne oil of 
refractive index 1.47. 
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TABLE I 


Angles of incidence and refraction, loss of intensity by reflection at front wall of 
cell, and length of path of light rays in the front and back halves of the cell. 


Angle of incidence 

Intensity loss by 
reflection 

Angle of refraction 

li 

It 

degrees 

percent 

degrees 

mm. 

mm. 

0.0 

2.6 

0.0 

10.00 

10.00 

2.9 

2.6 

2.1 

10.00 

10.00 

5.4 

2.6 

3.9 

9.98 

10.00 

7.7 

2.6 

5.6 

9.91 

10.00 

11.7 

1 2.5 

8.4 

9.80 

10.00 

14.6 

2.5 

10.6 

9.71 

9.96 

17.8 

2.5 

12.8 

9.59 

9.94 

20.2 

2.5 

14.5 

9.43 

9.93 

23.8 

2.6 

17.0 

9.25 

9.92 

26.8 

2.6 

19.1 

9.04 

9.89 

30.1 

2.7 

21.3 

8.80 

9.89 

33.6 

2.8 

23.7 

8.50 

9.88 

37.0 

2.9 

25.9 

8.16 

9.85 

40.6 

3.0 

28.1 

7.82 

9.83 

44.5 

3.3 

30.5 

7.39 

9.90 

48.4 

3.8 

32.8 

6.90 

9.99 

53.4 

4.6 

35.6 

6.29 

10.10 

58.3 

6.3 

38.1 

5.62 

10.22 

64.3 

9.6 

40.8 

4.78 

10.45 

72.3 

18,3 

43.7 

3.52 

11.05 

90.0 

100.0 

46.4 

0.00 

13.80 


The radius of the cell is taken for convenience as 10 mm., the index of refraction 
as 1.38. h and h were measured on the original of Fig. 1 A, 


two curves measure the summated distances traversed in the respective 
quadrants of the cell. 



h d sin i 


li d sin i 


Area under Curve I2 
Area under Curve h 


1.26 


In other words, the total absorptive path is 1.26 times longer in the 
half of the cell farthest from the source of light, due to refraction 


alone. 
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Tim 



Fig. 2. Lengths of light pathways in the two quadrants of the cell shown in Fig. 
1 A plotted against the sine of the angle of incidence of each ray on the cell. The 
areas under Curves l\ and fe are proportional to the total absorptive paths within 
the front and back halves of the cell respectively. 
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As light passes through the cell, it is absorbed at a rate determined 
by the value of the absorption coefficient. In order that more light 
may be absorbed in the far half of the cell, the intensity of light reach¬ 
ing that half must not be too low. This means that in cells of the 
type which exhibit positive phototropism the absorption coefficient 
cannot exceed a certain critical value. The rest of this paper is given 
over to a solution for such critical values of absorption coefficient, and 
to a discussion of their meaning.^ 

Let lo = intensity of light incident on all points of the front of the cell 

7i = intensity of any one ray at boundary between the front and back 
halves 

I 2 = intensity of any one ray at the back wall 

11 = length of any one light pathway in front half 

1 2 = “ “ “ “ “ « “ back “ 

a = absorption coefficient of absorbing substance 

Now for any one ray of light, 

I, - 

and 

f, - 

The light absorbed from this ray in the front half of the cell is therefore 

/o - /. = lo (1 - «■“'■) 

and that absorbed in the back half is 

Iq + 


Since we are concerned with the Mai absorption of light in each half 
of the cell, the situation is not as simple as the foregoing treatment 
implies. In the first place, the loss of intensity by reflection at the 
front surface of the cell must be corrected for. FresneFs formula was 
used to compute the loss of intensity by mirror-like reflection for each 


ray: 



+ 


tan* (i — f) 
tan* (t + r) 


^ It is assumed that the effect of continuous light in producing phototropism 
is directly proportional to the intensity. The actual rate of the process which 
takes place in continuous light—^presumably a sustained “softening” of the cell 
wall—and its relation to intensity are not known. 
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where 


a = amplitude of incident light 
t = angle of incidence at front of cell 
r = angle of refraction at front of cell 


The calculated percentage losses are given in Table I. They become 
large with values of i greater than 50-60°. They are probably 
slightly less than the real losses, since the refractive index of the cell 
wall is presumably higher than 1.38. Furthermore, a slight additional 
loss of intensity by difuse reflection is neglected. 


TABLE II 


Calculation of absorption in front and back quadrants of the cell, for representa¬ 
tive rays shown in Fig. 1 A. The cell radius is taken as 0.04 mm., a as 4. De¬ 
tailed explanation in the text. 


Angle of 
incidence 

Sint 

D 

D 

WM 

h 

D 

D 

/o-/i 

/i-/i 

degrees 

0.0 

0 

mm. 

0.0400 

mm. 

0.0400 

per cent 

2.6 

0.974 

0.831 

0.710 

0.143 

0.121 

11.7 

0.203 

0.0392 

0.0400 

2.5 

0.975 

0.833 

0.712 

0.142 

0.121 

23.8 

0.404 

0.0370 

0,0397 

2.6 

0.974 

0.840 

0.718 

0.134 

0.122 

37,0 

0.602 

0.0326 

0.0394 

2.9 

0.971 

0.850 

0.726 

0.121 

0.124 

44.5 

0.701 

0.0295 

0.0396 

3.3 

0.967 

0.859 

0.733 

0.108 

0.126 

53.4 

0.803 

0.0252 

0.0404 

4.6 

0.954 

0.863 

0.737 

0.091 

0.126 

64.3 

0.901 

0.0191 

0.0418 

9.6 

0.904 

0.838 

0.710 

0.066 

0.128 

72.3 

0.953 

0.0141 

0.0460 

18.3 

0.817 

0.772 

0.643 

0.035 

0.129 

76.0 

0.970 

0.0116 

0.0506 

26.0 

0.740 

0.707 

0.578 

0.033 

0.129 

90.0 

1.0 

0 

0.0551 

100.0 

0 

0 

0 

0 

0 


Knowing for each ray the value of Id corrected for loss by reflection, 
and assuming particular values of a, the next step is to calculate I\ and 
/a separately for the rays shown in the diagram (Fig. 1 A), and to 
siunmate for the two quadrants of the cell the quantities of light 
absorbed. This procedure, while laborious, is direct, and unavoidable 
in the absence of a complete equation taking into account surface reflec¬ 
tion and absorption within two halves of a cylindrical lens. Since h 
is a function of the cell radius, more light will be absorbed in the front 
half of a large cell than of a small one. The following computations 
have been carried out for a cell of average size, the diameter being 
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taken as 0.08 mm. Real values of h and h for this cell are obtained 
by dividing the corresponding, arbitrary lengths in Table I by 250. 

Table II illustrates the calculations in a typical case when a = 4. 
For the sake of simplicity, not all the light rays shown in Fig. 1 A 
are included. The intensity incident on all points of the front half of 
the cell is taken as 1. Column 6 gives the fraction of this intensity 
which enters the cell, obtained by subtracting the reflection loss for 
each angle of incidence from 1. Colunms 9 and 10 give the amounts 
of light absorbed from each ray in the front and back quadrants of the 
cell respectively. These figures are plotted against sin i, and the areas 
under the two curves measured with a planimeter. The ratio of the 
two areas gives the ratio of light absorbed in the two quadrants, and 

TABLE m 


Ratio of light absorbed in the back half of the cell to light absorbed in the front 
half, as a function of the absorption coefficient. The cell radius is taken as 0.04 
mm. 


a 

Absorption in back half 

Absorption in front half 

1 

1.22 

4 

1.08 

8 

0.95 

16 

0.70 


therefore in the two halves, of the cell. In this particular case, when a 
= 4 


Light absorbed in back half 
Light absorbed in front half 



(/i — l 2 )d sin i 


(/o — Ii)d sin i 


1.08 


Table III shows how this ratio varies with the absorption coefficient. 
Calculations similar to those illustrated in Table II were carried out 
for several values of a. With low values of a the ratio of light ab¬ 
sorbed in the two halves is greater than unity, which means that there 
is greater photochemical action in the back half of the cell. As « 
increases, the ratio becomes progressively smaller, reaching 1 at a 
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critical value of a which corresponds to equal absorption of light in the 
two halves of the cell. 

Fig. 3 shows the ratio of light absorbed in the two halves of the cell 
plotted against«. The horizontal line through the ordinate 1 cuts the 



Fig. 3. Plot of the ratio of light absorbed in the back half of the cell to that 
absorbed in the front half, as determined by the absorption coefficient. The curve 
is for a typical cell having the radius 0.04 mm. For this cell, a must be less than 
about 6 if more light is to be absorbed in the back half. The ordinate intercept 
1.26 is the greatest differential absorption possible for cells of refractive index 
1.38 in air. 

curve at the critical value of a for equal photochemical action in the 
two halves. With a cell of diameter 0.08 mm., this value of a is 
slightly greater than 6. As a approaches zero, the amounts of absorp¬ 
tion become less and less, their ratio approaching the limiting value 
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1.26. This is the ratio of the summated light paths in the two halves 
of the cell. It evidently represents the maximum differential absorp¬ 
tion of light possible in a cylindrical cell of refractive index 1.38 
illuminated with parallel light from one side in air. A cell of diameter 
0.08 mm. must therefore possess a finite value of absorption coefficient 
somewhere between 0 and 6, in order that greater photochemical 
action may result in the far half. 

For cells of different diameter, a family of curves similar to the one in 
Fig. 3 is obtained, all having the same ordinate intercept. Curves 
for cells of diameter less than 0.08 mm. have a smaller slope, and cut 
the dotted line through the ordinate 1 farther out on the abscissa. 
Curves for larger cells have a steeper slope and intercept the dotted 
line at values of a less than 6. The larger the cell, therefore, the smal¬ 
ler this critical value of a for equal photochemical action in the two 
halves of the cell. In the absence of direct measurements, it cannot 
be assumed that cells of all sizes contain the same concentration of 
pigment. If they did, the actual value of a in all cells would have to 
be less than the smallest critical value found for the largest cells, 
since all show positive phototropism. 

Up to this point the partial reflection of light back into the sporan- 
giophore at the back wall has been neglected. In Fig. 1 B the second¬ 
ary rays reflected from the back wall of the upper quadrant of the 
cell are drawn. Fresnel’s formula cannot be used to calculate rigor¬ 
ously for each ray incident on the back wall the intensity reflected 
back into the cell, in the way in which the reflection loss at the first 
interface was calculated, because the light which was originally 
refracted into the cell was polarized to a variable extent depending on 
the angles of incidence and refraction. Use of Fresnel’s reflection 
formula a^ given above presupposes that the light is unpolarized. 

A rough indication of the amount of light absorbed following partial reflection 
from the back wall may be obtained by neglecting this polarization effect, and by 
solving for the amount of absorption occurring in one typical, reflected ray. 

Let lo = intensity of refracted ray entering the cell 

/j <= “ “ “ “ at back wall 

It “ “ “ ray reflected from back wall 

It «= “ “ reflected ray where it passes into the front half of the cell 

I^ m u « « « at front wall of the cell 



60 


POSITIVE PHOTOTROPISM OF PHYCOMYCES 


h o length of path of refracted ray in front half of the cell 

I 2 ®= “ “ ** ** ** “ “ ba.ck ‘‘ 

Iz = “ reflected 

/4 = « << « << « << “ front 

Then additional light absorbed in the back half of the cell will be 

7, - /«= /, (1 - r“'*) 

and additional absorption in the front half of the cell will be 

74 - 7. = 7, («-“'• - 

Computations have been carried out for a typical ray incident on the front of the 
cell at an angle of 48.4°, where the cell radius was taken as 0.04 mm., a as 1,7o as 1, 
and the partial reflection from the back wall as 3 per cent. Under these circum¬ 
stances the other quantities are as follows: 

/i= 0.0276 mm. 7* = 0.9346 

k = 0.0399 “ h = 0.0281 

h = 0.0540 “ li = 0.0266 

U = 0.0165 “ h = 0.0261 

Amount of light absorbed prior to reflection = lo — h = 0.0654 
“ “ reflected light absorbed = /s — /s = 0.002 

Reflected light absorbed in back half of cell = I 3 — U = 0.0015 
“ .. front “ “ " = 74 - 76 = 0.0005 

In the case of this typical ray, three times as much reflected light is absorbed in the 
back half of the cell as in the front, if further reflections are neglected. Yet the 
reflected light which is absorbed is only 3 per cent of the absorption which takes 
place in the refracted ray prior to reflection. 

The net effect of the reflected light is therefore to increase slightly 
the photochemical action in the back of the cell relative to that in the 
front. This action serves to lower slightly the critical values of 
absorption coefficient which have been derived. 

IV 

Since protoplasm is not optically homogeneous, it is evident that 
light passing through it undergoes some loss by scattering, even though 
a cell of Phycomyces in air converges much light to a sharp focus 
behind the cell {cf. Castle, 1933). Some of the scattered light is 
absorbed, and the effect of the scattering and secondary absorption 
is to increase the apparent value of the absorption coefficient of the 
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intracellular pigment. As solved for in the previous section, a there¬ 
fore represents the absorption coefficient of the pigment plus an 
undetermined factor for scattering. 

It has been shown that if I is measured in millimeters, for a cell of 
diameter 0.08 mm. a must be less than 6, the approximate critical 
value for equal photochemical action in the two halves of the cell. It 
cannot be said on the basis of the present measurements how much 
less than this a is. Because of the small dimensions of the optical 
system of the cell, rather high values of absorption coefficient are 
compatible with the occurrence of positive phototropism. 

Bending of a cell of the Phycomyces type is surely due to a difference 
in the extensibility of the wall on opposite sides of the cell. With high 
turgor pressure as a driving force, a slight difference in extensibility 
between opposite walls of the cell will lead to marked curvature. The 
mechanism outlined in this paper makes possible under the conditions 
described the absorption of light in one half of the cell up to an amount 
1.26 times that in the other half. It is interesting to compare in this 
connection the observations of Massart (1888), who found that cells 
of Phycomyces placed between two sources of light opposed at 180° 
bent perceptibly toward the higher intensity when the ratio of in¬ 
tensities on opposite sides of the cells was 1:1.18. 

It might still be objected that apart from photochemical considera¬ 
tions, the mere concentration of light in the far half of the cell shown 
in Fig. 1 A might somehow bring about a larger growth response than 
in the nearer half, by virtue of an anomalous sensitivity to the higher 
intensity. There is no evidence to support this idea. It is, in fact, 
shown incorrect by an ingenious experiment of Buder (1920). Spor- 
angiophores placed in paraffine oil (refractive index = 1.47) exhibit 
negative phototropism, or bending away from a single source of light. 
Fig. 1 C is a diagram of the probable light paths within such a cell 
surrounded by a medium of higher refractive index. Under these 
circumstances the cell acts as a dispersing lens. No “concentration” 
of light occurs in the half of the cell nearest the light, yet a greater 
acceleration of growth takes place there. Buder’s experiment there¬ 
fore strongly supports the present view that the longer total path of 
light rays through the protoplasm of the far half of the cell is the 
significant factor in the phototropism of relatively transparent cells. 
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If the method of analysis used in developing the theory of differential 
absorption of light within two halves of a cell is correct, plane polarized 
light might be expected to be more effective in producing phototropic 
bending when polarized in the plane of incidence than at right angles 
to it. The amount of light entering the front of the cell should be 
greater when the vibrations of the incident rays are in the plane of the 
paper in Fig. 1 A than when the vibrations are perpendicular to that 
plane, although the energies of two such beams of light may be identi¬ 
cal. Furthermore, the ratios of absorption in the back and front 
halves should be significantly different in the two cases. 

SUMMARY 

A physical basis is demonstrated, in the case of a cylindrical cell 
illuminated with parallel light from one side, for greater photochemical 
action in the half of the cell farthest from the source of light, when 
the cell is surrounded by a medium of refractive index less than that of 
the cell. Factors governing the balance and magnitude of unequal 
action of light in the two halves of the cell are: the refractive index 
of the cell, the cell radius, and the absorption coefficient of the intra¬ 
cellular pigment. A limiting value of absorption coefficient is de¬ 
duced which cannot be exceeded in cells of a particular size showing 
positive phototropism. In terms of this mechanism the positive 
phototropism of Phycomyces in air is explained. 
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THE ACTION OF THE PLANT GROWTH HORMONE 
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(Accepted for publication, June 1,1933) 

INTRODUCTION 

Although the control of cell elongation in plant tissues by a special 
growth-promoting substance or substances has been well established 
for some time, the processes by which this substance is able to bring 
about growth have remained obscure. Since the general properties 
of the response to growth substance by plant tissues, in particular of 
the Avena coleoptiles which have been most extensively studied, have 
been recently siunmarized by Thimann and Bonner (1933), only the 
principal points of interest for the present discussion need be given. 
These are briefly as follows: 

(o) The growth-promoting substance of the Avena coleoptile is pro¬ 
duced only in the coleoptile tip and passes from there downward (Went, 
1928). After removal of the tip new growth substance is formed by 
the uppermost cells of the stump (“physiological regeneration,” 
Dolk, 1926). 

(b) The growth of the Avena coleoptile is for some time proportional 
to the amount of growth substance supplied to it (Thimann and 
Bonner, 1933). 

(c) The growth substance which enters the plant and causes growth 
cannot be recovered; i.e., is used up (Went, 1928). 

(d) Growth substance is an unsaturated acid of empirical formula 
Ci8Hs 206 (Kogl, Haagen-Smit and Erxleben, 1933) and readily loses 
its growth-promoting activity by oxidation. 

(e) The growth substance is a true hormone, i.e., it acts in minute 
amounts and bears no direct stoichiometrical relationship to the mun- 
ber of molecules of soluble substance transformed during growth into, 
for example, cell walls. Thus one molecule of growth substance causes 
an amount of growth of the Avena coleoptile at 27®C. which requires 
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the changing of 3 X 10* molecules of hexose to cellulose in cell walls 
(Thimann and Bonner, 1933). 

The changes in the physical properties of coleoptiles under the in¬ 
fluence of growth substance have been studied to some extent. Heyn 
(1931), and independently, Sdding (1931, 1932) have shown that the 
plasticity, and also to a considerable extent the elasticity, of the coleop- 
tile is increased after action of growth substance, and that this increase 
is independent of whether growth has occurred or not; i.e., this action 
of growth substance is preliminary to active elongation. Heyn also 
found an increase in extensibility in coleoptiles which had been plas- 
molyzed after growth substance action, so that it is the physical prop¬ 
erties of the cell wall, and not of the protoplasm, which are changed. 
The action of growth substance has now been further studied, and a 
few of the results will be described in the present paper. This study 
has been made easier by discovery of the fact that short sections of 
coleoptiles grow at a rapid rate if immersed in a growth substance 
solution of suitable concentration. 

This method of using coleoptiles is convenient because, under proper 
conditions, a large amount of growth takes place in a relatively short 
time, and the “physiological regeneration” mentioned in (o) occurs 
slightly or not at all. It has the added advantage that the effect of 
known concentrations of growth substance upon the growth of younger 
and older portions of the same coleoptile may be examined independ¬ 
ently. 


Methods 

Avem plants of the pure line “Siegeshafer" were used and were kindly supplied 
by Dr. Akermaim of Svalov. The plants were grown in sand in the dark at a 
temperature of 2S°C. and a relative humidity of 85-90 per cent, and were used 
when 4 days old. Tips 3 to 5 mm. long were removed from the plants 2 hours be¬ 
fore using. During this period the plants use up a large part of the growth sub¬ 
stance already present in them and the production of growth substance by the 
stump does not commence. At the end of the 2 hours they were cut with a special 
cutter into sections in general 3.1 mm. long and immersed in the solution to be 
investigated. 

The growth substance solutions, for which the author is indebted to Dr. K. V. 
Tjhrmann, were prepared from large scale culture of the fungus Rhizopus suinus 
(Bonner, 1932; Thimann and Dolk, 1933). They were purified to an activity of 
the order of 2 X 10”* mg. per plant unit. 
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Some of the growth measurements were made with a 12 power binocular 
equipped with an eyepiece micrometer. With this arrangement, the growth of 
free sections which were placed in small open dishes could be conveniently meas¬ 
ured. For more accurate measurements, a horizontal microscope having an en¬ 
largement of 15 diameters and equipped with a stand mounted upon a micrometer 
screw was used. The coleoptile sections were placed upon thin glass rods of just 
the diameter of the interior of the coleoptile. These rods were in turn mounted in 
paraffin inside a rectangular vessel with glass sides through which the growth of the 
sections could be easily followed. 

It should be mentioned here that considerable variability was found, 
in the reaction of sections to growth substance, both among plants 
of different experiments, and also to some extent among individual 
plants of the same experiment. A part of this variability is due, as 
will be shown, to slight differences in the ages of coleoptiles, but a con¬ 
siderable portion is probably due to causes not yet understood which 
also bring about variations in the standard Avena tests for growth 
substance activity from day to day. For this reason only the means 
of the results from a number of plants and several experiments can be 
regarded as significant. 


EXPERIMENTAL 

The growth of sections of coleoptiles, prepared in the manner al¬ 
ready described, and immersed in pure water was first investigated. 
Table I gives the results of two series of measurements, and also a 
comparable series of measurements of sections with their bases in 
water, but their tips in air. It may be seen that the growth rate of 
the sections completely immersed in water falls steadily until after 7-8 
hours it reaches a very low value. There is no sudden rise after 2 
hours corresponding to a production of growth substance by the 
“physiological tip” as is the case with the sections whose tips were in 
air. The growth which took place in the sections immersed in water 
is to be attributed principally to growth substance in them when they 
were removed from the plants. Table II shows that the elongation of 
sections in growth substance solution is marked, being as great as 29 
per cent in 4 hours and 55 per cent in 24 hours. 

It was conceivable that with these sections immersed in solutions, 
the rate of diffuaon of growth substance to the cut surface which it 
' enters, or the rate of diffusion of oxygen to the tissue, might prevent 
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a maximum growth response. Therefore measurements of the growth 
rates of sections both with and without stirring of the solution by air 
were made. These results are given in Table III, and show that stir¬ 
ring of the solution is not necessary. 

The effect of the original position in the coleoptile of a given section 
upon its response to growth substance was then investigated. That 
such an effect exists is shown by Table IV, which gives the per cent 


TABLE I 

Growth of Coleoptile Sections in Water 


Experiment 

Plants 

Growth in per cent of original length per hr. 

1 hr. 

2 hrs. 

3 hrs. 

4 hrs. 

5 hrs. 

6 hrs. 

7 hrs. 



per cent 

per cerU 

per cent 

per cent 

per cent 

per cent 

per cent 

1 (tops in water). 

6 

1.8 

1.5 

1.2 

0.7 

0.6 

0.4 

0.4 

2 (tops in water). 

16 

0.8 

0.4 

0.1 

0.3 

0.0 

— 

— 

2 (tops in air). 

6 

2.5 

2.5 

4.0 

4.3 

4.7 

3.3 

— 


TABLE II 

Growth of Coleoptile Sections in Growth Substance Solution and in Water 
(Each value is a mean from twelve-fifteen sections) 


Solution 

Growth in 

2 hrs. 

Growth in 

4 hrs. 

Growth in 

24 hrs. 

Water. 

per cent 

3 

per cent 

4 

per cent 

9 

Water. 

3 

5 

7 

Water. 

3 

5 

12 

Growth substance. 

15 

24 

55 

Growth substance. 

13 

26 

45 

Growth substance. 

14 

29 

48 




growth per hour of sections from the tops and bottoms of a series of 
previously decapitated coleoptiles. Table IV is taken from one of 
seven experiments, all of which gave the same result. Similar measure¬ 
ments upon coleoptiles divided into more sections showed that the two 
3.1 nun. sections nearest the apex of a plant decapitated 3-5 mm. from 
the tip have almost equal reactivity. The lower zones showed, as in 
Table IV, a lower ability to grow in the presence of growth substance. 
It has been known from measurements upon the growth rates of 
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entire coleoptiles (marked into zones with ink or paper marks) that 
the lower zones do grow more slowly than those nearer the top. 
This has been attributed, however, to a lack of growth substance in 
the lower zones which must receive it through a long portion of coleop- 
tile actively using the growth substance. That this is not the only 


TABLE III 

Growth Rates of Colcoptile Sections in Growth Substance Solution with and without 

Stirring by Air 


Experiment 

No. of 
sections 


Growth per 2 hrs. 


Total 

growth 

after 

24 hrs. 

2 hrs. 

4 hrs. 

6 hrs. 

8 hrs. 

10 hrs. 

1 (no air). 

7 

per cent 

8 

per cent 

6 

Per cent 

3 

per cent 

1 

percent 

0.2 

percent 

16 

2 (no air). 

6 

9 

4 

3 

2 

0.3 

19 

3 (no air). 

7 

7 

3 

2 

— 

— 

16 

4 (air). 

5 

7 

5 

2 

— 

— 

22 

5 (air). 

7 

6 

4 

1 

1 

2 

14 

6 (air). 

7 

8 

5 

3 

— 


21 

Mean of 1, 2, and 3. 

_ 

8.0 

4.3 

2.7 


— 

17.0 

Mean of 4, 5, and 6. 

— 

7.0 

4.7 

2.0 

— 

— 

19.0 


Growth substance concentration = 10 units per cc. 


TABLE IV 

Growth Rates oj Top and Bottom Sections of Coleoptiles in Growth Substance Solution 



Growth per hr. 

1 hr. 

2 hrs. 

3 hrs. 

4 hrs. 

5 hrs. 

6 hrs. 

7 hrs. 

Top sections. 

Bottom sections. 

per cent 

4.5 

1 

per cent 

4.2 

1 

per cent 

4.3 

1.1 

per cent 

3.7 

1.4 

per cent 

2.7 

2.1 

per cent 

2.4 

0.9 

per cent 

2.4 

0.9 


Growth substance concentration = 10 units per cc. 


factor is shown here directly, since it is clear that the cells at the 
base of the coleoptile show a much smaller growth response to growth 
substance than those nearer the top. In the present work, unless 
otherwise stated, only the two 3.1 mm. sections nearest the tip were 
used. 

The effect of concentration of the growth substance solution upon 
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growth of the sections was determined, and is shown in Table V. 
The units are the standard growth substance units of this laboratory 
(Dolk and Thimann, 1932; Thimann and Bonner, 1933). From 
Table V it is evident that there is an optimum growth substance con¬ 
centration in the region of 10 units per cc. Coleoptiles immersed 
in concentrations as great as 80 units per cc. show a shrinkage after 
4 hours and at the end of 24 hours have frequently lost their turgid- 
ity due, apparently, to a toxic effect of the high concentration of 
growth substance. A decrease in growth in very low growth sub¬ 
stance concentrations was also found. A simple consideration will 
show that only in the case of the 0.01 unit solution can this be due 

TABLE v 


Effect of Growth Substance Concentration upon Growth of ColeopHle Sections 
(Each value mean of SO-150 sections) 


Growth Bubatance 
concentration 
standard uniU 

Growth in 

2 hrs. 

4 hrs. 

24 hrs. 



pet citU 

Percent 

80 


2.1 

0.4 

40 


8.0 

7.2 

20 

7.4 

10.8 

15.4 

10 

11.7 

19.9 

31.0 

1 

8.4 

15.7 

27.0 

0.1 

6.5 

12.1 

17.5 

0.01 

4.5 

7.0 

15.5 

0 

3.3 

5.6 

11.9 


to an insufficient quantity of growth substance, and that even in the 
0.1 unit solution the decrease must be due directly to the low con¬ 
centration. From the data of Thimann and Bonner (1933) 0.(X)535 
cc. of a 29 unit per cc. solution can give under their conditions a 
maximum of 7.85 mm. of coleoptile elongation. 1 cc. of a 0.1 unit 
per cc. solution could then give a maximum of 5.05 mm. total coleop¬ 
tile elongation. Since in general in the present case twelve sections 
were placed in 4 cc. of solution, these sections should be able to elon¬ 
gate a maximum total of 22 mm., or 59 per cent per section, which is 
much larger than the 18 per cent observed. In the case of the 0.01 
unit solution, however, each section should be able to elongate only 
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5.9 per cent more than controls in pure water, and Table V shows 
that the increase is only 4 per cent. 

Upon the theory that the action of growth substance is a simple 
physical change of cell wall, for example by decreasing directly in 
some way the viscosity of the substance in which cellulose micelles 
are imbedded (Hejm, 1931), one would hardly expect the action to 
be stopped by the presence of narcotics or cyanide. If, however, 
growth substance depends for its action upon processes of a metabolic 
nature, narcotics or cyanide should inhibit this action. It was eas¬ 
ily demonstrated that both KCN and phenylurethane stop growth. 
Table VI gives a summary of two experiments with various concen- 


TABLE VI 

Inhibition of Growth of Cokoptile Sections by KCN and Phenylurethane 


Solution 

Growth 

Solution 

1 

Growth 

Growth substance alone 

per cent 

23 

Growth substance alone 


Growth substance + 2 X lO’* n 

5 

Growth substance + 0.001 per 


KCN 

Growth substance + 10“* N KCN 

2 

cent phenylurethane 

Growth substance + 0.01 per cent 

14 

Growth substance + 2 X 10“* n 

-4 

phenylurethane 

Growth substance + 0.1 per cent 

2 

KCN 

Growth substance + 2 X 10“* n 

-3 

phenylurethane 

HaO + 0.1 per cent phenylure¬ 

3 

KCN 

HaO + 2 X 10“* N KCN 

-4 

thane 



trations of KCN and of phenylurethane and shows how marked is 
the stopping of growth. Further experiments showed that the con¬ 
centration of KCN which brought about cessation of growth is 1-2 
X 10"* N, and that 0.05-0.1 per cent of phenylurethane brought 
about the same result. The concentrations of KCN are of the same 
order as those necessary to affect the respiration of other plant tissues 
(Schwabe, 1932). 

That the growth resulting from growth substance does not occur 
in the presence of substances which stop metabolism suggests that 
the action of growth substance is itself intimately associated with 
the metabolism of the cell. 
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Experiments were then carried out to determine whether a connec¬ 
tion between growth and cell oxidation exists. The action of growth 
substance in solutions under an atmosphere of pure nitrogen was 
first investigated. Commercial Nj was passed over reduced copper 
in an electric furnace at 600“C. The gas was then cooled by passage 
through wash bottles, and bubbled through the solution containing 
the coleoptile sections. A preliminary experiment showed that growth 
substance is not affected in its activity by prolonged passage of Ni 
through it. The sections were freed of O 2 by treatment with N* 
for 2 hours before introduction of the growth substance solution. 
After this preliminary 2 hours, sufficient growth substance was in¬ 
troduced to make the solution 10 units per cc., and the bubbling was 


TABLE VII 

Inhibition of Growth of Coleoptile Sections by Nitrogen 


Experiment 

No. of sections 

Growth after 

4 hrs. in N 2 4- 
growth substance 

Growth after 

20 hrs. in air -f 
growth substance 

Growth after 20 
hrs. in air + HsO 



per cent 

per cent 

per cent 

1* 

20 

4.5 

17 

— 

2 

26 

2.9 

21 

— 

3 

25 

1.7 

— 

3.8 

4 

33 

1.4 

28 

8.0 

5 

46 

4.5 

13 

4.5 


* In this experiment the sections were not first freed of oxygen. 


continued for 4 hours more. The sections were then measured, 
a portion of them placed in growth substance solution in air, and the 
remainder in pure H 2 O, in air. Table VII shows the results of five 
experiments. The coleoptiles were not harmed by the prolonged 
lack of O 2 as is shown by the fact that they grew normally upon being 
supplied with both growth substance and oxygen. However, a mean 
growth of only 3 per cent took place in N 2 , although from Table V, 
20 per cent growth would have taken place in air. That even this 
3 per cent growth takes place is probably to be attributed to O 2 re¬ 
maining in the sections. Therefore, normal growth fails to take place 
in N 2 . Since the sections do not elongate, when placed in pure H 2 O, 
to any greater extent than when immersed in H 2 O without the pre- 
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liminary growth substance-Nj treatment, it follows that either the 
action of growth substance has not taken place or else the growth 
substance has not been taken up by the sections. 

The effect of the presence of KCN and of lack of oxygen in stopping 
growth suggested that a more intimate study of the effect of growth 
substance upon respiration be made. This was done with the aid 
of the standard Warburg manometers and using the technique de¬ 
scribed by Warburg (1926). The rate of respiration of the sections 
was found to be rather low and therefore it was necessary to use vessels 
having as small a gas space as possible in order to obtain measura¬ 
ble decreases in pressure due to O 2 uptake. These vessels did not 
contain alkali wells for absorption of CO 2 , but depended for a de¬ 
crease in pressure due to respiration, upon the greatly different solu¬ 
bilities of CO 4 and O 2 in the liquid present. The absolute amount 
of O 2 taken up in respiration may be calculated from the observed 
pressure change in the manner given by Gaffron (1929). This calcu¬ 
lation requires a knowledge of the respiratory quotient. Since a 
preliminary determination showed that this quantity is close to unity 
for both sections in growth substance and sections in pure buffer, 
all of the subsequent calculations were based upon the assumption 
that the respiratory quotient was actually 1. This procedure is justi¬ 
fiable since the measurements are principally for purposes of com¬ 
parison. 

From 89 to 150 sections (including the basal portions of the stump) 
were placed in each vessel in m/50 phosphate buffer (pH = 4.8). The 
vessels were then attached to the manometers and placed upon the 
shaking rack, with the vessels immersed in a thermostat at 25®. 
These operations were carried out in red light in order not to cause 
any phototropic reactions in the sections. Some hours were needed 
for the respiration to reach a constant value after immersion in the 
vessel. This undoubtedly was due to an initial high rate of respira¬ 
tion of the wounded tissue at the cut surfaces. After a constant rate 
had been attained, sufficient growth substance to make up the desired 
concentration was introduced into one of a pair of vessels. The'con¬ 
trol vessel was either untreated, or, alternatively, a volume of water 
equal to the volume of growth substance solution used in the first 
vessel was introduced. Fig. 1 shows the course followed by the rate 
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Fig. 1. Effect of growth substance upon the rate of oxygen uptake by coleop- 
tile sections. At the arrow there were introduced: A , growth substance, 110 units 
per cc.; JB, growth substance, 110 units per cc. inactivated; C, growth substance, 
1100 units per cc. 


TABLE Vm 


EJ^ect of Growth Substance upon Respiration of Coleoptile Sections 
(Mean values of two to seven determinations) 


Growth substance 
concentration 

Increase in Oi uptake over initial respiration rate, mm.’ per 
section per min. 

Age of 
coleoptile 

During first 2 hrs. 

During second 2 hrs. 


Increase 

i 

Increase 

units ptr cc. 


Percent 


percent 

days 

1100 

-0.0022 

-24 

-0.0083 

-90 

4 

110 

+0.0018 

19 

+0.0014 

15 

4 

11 

+0.0025 

27 

+0.0024 

26 

4 

1.1 

+0.0013 

14 

+0.0017 

18 

4 

0.11 

zfcO.0000 

0 

+0.0003 

3 

4 

no 

+0.0021 

31 

+0.0012 

21 

S-6 


of oxygen uptake in three typical experiments. It is clear that the 
addition of growth substance to a concentration of 11 imits per cc., 
i.e. a concentration which causes growth (see Table V), causes a 
marked increase in oxygen uptake. A similar increase was found in 
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every experiment in which a suitable concentration of growth sub¬ 
stance was used. 

The effect of growth substance concentration upon the stimulation 
of respiration was next investigated. Table VIII gives the summa- 

TABLE IX 


Effect of KCN and Phenylurethane on Respiration of ColeoptUe Sections 


Experiment 

i 

Solution 

Respiration in 
mm.* 

Ot per min. per 

1 section 

1 

Successive additions to buffer solution 
(Initial rate) 

■■ 


KCN, S X 10“^ N 

BBI 


KCN, 1 X 10-»N 



Growth substance, 110 units per cc. 

0.0001 

2 

(Initial rate) 

0.0061 


Growth substance, 110 units per cc. 

0.0094 


KCN, S X i(r* N 

0.0099 


KCN, 1 X 10-»N 

0.0001 

3 

(Initial rate) 

0.0069 


KCN, 8 X 10“^ N 

0.0005 


Growth substance, 110 units per cc. j 

0.0003 

4 

(Initial rate) 



KCN, 1X10’»N 



Growth substance, 110 units per cc. 

0.0004 

5 

(Initial rate) 

0.0069 


Urethane, 0.005 per cent 

0.0073 


Urethane, 0.025 per cent 

0.0088 


Growth substance, 110 units per cc. 

0.0107 


Urethane, 0.05 per cent 

0.0030 

6 

(Initial rate) 



Urethane, 0.05 per cent 



Growth substance, 110 units per cc. 



rized results for a wide range of concentrations. The maximum 
stimulation is caused imder these conditions, in the neighborhood of 
11 units per cc. Stimulation is also caused by concentrations ten 
times as great, although such concentrations are shown by Table V 
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to inhibit growth. It should be remembered, however, that the 
number of sections per cubic centimeter of growth substance solu¬ 
tion was in the respiratory vessels five times that in the vessels in 
which growth was measured. A still higher concentration of growth 
substance may be seen to be immediately toxic to the respiration. 
The 1.1 unit per cc. solution also stimulates respiration markedly; 
the 0.11 unit solution slightly, if at all. 

Before further discussion of Table VIII, a few other results will 
be described. Fig. 1 includes the effects which were found to result 
from the addition of growth substance inactivated by oxidation with 
H 2 O 2 . It was then determined whether the respiration, and the 
addition “growth substance respiration” in particular, could be 
stopped by the concentrations of KCN and phenylurethane which 
stopped growth. That the respiration is so stopped is shown by 
Table IX. From this table it is also apparent that the additional 
growth substance respiration does not markedly differ in its sensi¬ 
tivity to the two inhibitors from the normal respiration, and this 
may be taken as evidence that the two are actually identical. 

DISCUSSION 

A simple calculation shows that the increase in respiration cannot 
be due to actual oxidation of the growth substance itself. Under 
the conditions of the experiment all of the growth substance could 
be completely removed by the observed increase in oxidation in 2-3 
minutes. Therefore the effect of growth substance is due rather to 
some kind of stimulation. 

In Table VIII it was shown that coleoptiles which were used for 
respiration measurements at the age of 5-6 days instead of the usual 
4 days give an increase in respiration upon the addition of growth 
substance. Measurements upon these sections from “old” coleoptiles 
showed that they do not, however, elongate in the presence of growth 
substance. Therefore the increase in respiration upon the addition 
of growth substance is not due to the process of actual elongation. 
However, from Tables VI and VII it is clear that in order for elonga¬ 
tion to occur, or probably even for growth substance action prelim¬ 
inary to elongation, the presence of aerobic metabolism is necessary. 

There remain two possibilities, namely: (a) the stimulation oi 
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respiration by growth substance has nothing to do with its action 
in growth; and is a secondary phenonrenon attending its presence or 
the presence of closely allied impurities in the cell, and (b) the stimu¬ 
lation of respiration by growth substance “prepares” the cell for 
elongation, which may then occur if other conditions are suitable. 
Schwabe (1932) has shown that various amino acids in minute quan¬ 
tities stimulate the respiration of Elodea, Fontinalis, and Potamoge- 
ton. These substances do not, as far as investigated, bring about 
growth in Avena colcoptiles. In favor of the second alternative, the 
following parallels between the increase in respiration upon the ad¬ 
dition of growth substance and the growth of these coleoptile sec¬ 
tions may be pointed out: (a) Low concentrations of growth sub¬ 
stance cause growth; they also stimulate respiration, (b) High 
concentrations of growth substance inhibit growth; they also inhibit 
respiration, (c) The optimal concentrations for the two processes 
are similar, (d) Both growth and (by definition) aerobic respira¬ 
tion cease in the absence of oxygen, even in the presence of growth 
substance, (e) Both growth and respiration (as well as the excess 
“growth substance respiration”) are stopped by the presence of 
KCN (10“*n), or phenylurethane (0.05 per cent). 

These parallels between the increase of respiration by growth sub¬ 
stance and the effect of growth substance in promoting growth make 
it seem possible that the former is a necessary condition of the latter. 
That the increase of respiration can take place without accompany¬ 
ing growth, as it does in the old coleoptiles, does not exclude this 
possibility, since the old coleoptiles are stiffer and less plastic (Du 
Buy, 1932). It might be argued, for example, that although growth 
substance exerts in these old coleoptiles its general action, yet these 
sections are already too stiff, due to excessive thickening of the cell 
walls, to permit of extension by the turgor pressure. 

A connection between growth substance activity and respiration 
is supported from another angle by the work of Van Ameijden (1917), 
who showed that phototropic and geotropic response do not take 
place in nitrogen. 

The relation between the respiratory activity of growth substance 
and the increase of the plasticity of the cell walls* observed by He^ 
and Soding remains obscure, however. There are several conceiv- 
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able mechanisms by which this result mig;ht be brought about and a 
detailed investigation of this question is now under way. 

SUMMARY 

1. Sections of Avena coleoptiles are found to show a considerable 
elongation when suspended in solutions of growth substance. 

2. This elongation does not take place in the absence of Og and is 
inhibited by KCN and phenylurethane. 

3. The rate of respiration of sections of coleoptiles is increased by 
the addition of growth substance in concentrations which cause 
growth. High concentrations of growth substance inhibit growth 
and also respiration. 

4. The increase in respiration is inhibited by KCN and phenylure¬ 
thane in the concentrations which inhibit normal respiration. These 
concentrations are the same as those which inhibit growth. 

5. From 2, 3, and 4, it seems possible that the increase in respira¬ 
tion caused by growth substance may be an essential part of its ac¬ 
tion in growth. 
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ELECTRICAL RESPONSES FROM LATERAL-LINE NERVES 

OF FISHES. Ill* 

By HUDSON HOAGLAND 

{From the Physiological Laboratory, Clark University, Worcester) 
(Accepted for publication, June 22, 1933) 

I 

The lateral-line nerve of the catfish Atneiurus nebulosus has been 
found to be normally in a state of continuous activity due to the repet¬ 
itive discharge of impulses arising from the neuromasts (Hoagland, 
1932-33 a, b). Responses of the neuromasts to a variety of me¬ 
chanical stimuli were found to take place against this background of 
“spontaneous” activity, no responses to mechanical stimulation occur¬ 
ring in the absence of the continuous activity. The response was 
found to be modified by mechanical stimulation of the neuromasts, in¬ 
cluding vibrations from tuning forks, and also by temperature; the fre¬ 
quency of the discharge of nerve impulses varies with the temperature 
of the receptors according to the Arrhenius equation, yielding a mean 
composite temperature characteristic of 5000 calories. 

The structure of the lateral-line system facilitates investigation 
since the mechanoreceptors are linearly arranged in groups, forming 
a sort of extended ear. It has been possible to analyze quantitatively 
nerve impulses set up by various numbers of receptor groups. By 
cutting away most of the receptors, and by chilling the remaining ones, 
impulses have been recorded from single fibers of the lateral-line nerve 
(Hoagland, 1932-335). The observations have been extended with 
brook trout, Salvelinus fontimlis, and rainbow trout, Salmo irideus 
shasta (gairdneri), both of which show vigorous spontaneous activity 
of the lateral-line system similar in many respects to that described 
for Ameiurus. 

* Hie expenses of this work have been defrayed in part by a grant from the 
Permanent Science Fund of the American Academy of Arts and Sciences. 
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II 

The procedure consists in baring the lateral-line nerve a centimeter 
behind the head and dissecting it free for 1 or 2 cm. It is then tied, 
cut cephalad, and the freed length is drawn across silver-silver chloride 
electrodes connected to the recording system. The action potentials 
of the nerve are amplified and recorded by an iron armature oscillo¬ 
graph (Matthews, 1928) used in conjunction with a camera and a 
standing wave screen. A loud speaker makes the amplified action 
potentials audible. 

The spontaneous activity of the lateral-line nerves of trout was 
found, in general, to be considerably more vigorous than that of cat¬ 
fish (c/. Hoagland, 1932-33 ft. Fig. 6 c). This is probably due to the 
fact that more sensory units are active in the trout. There are usually 
over a hundred lateral-line pores posterior to the place of operation in 
trout. In the catfish there were seldom more than thirty-two. As 
was found in the case of the catfish, responsiveness of the neuromasts to 
mechanical stimuli is only manifest in preparations showing the spon¬ 
taneous discharge. Five out of fifty-two lateral-line nerves of trout 
showed complete lack of all activity (cf. Hoagland, 1932-33 J). 

Responses to movements of the water bathing the fish, and to bend¬ 
ing the trunk, were, similar to those described for catfish. Ripples in 
the water, currents of water, stroking the flank, and bending the trunk 
all increase the discharge; but the effects on the photographs were 
partly obscured by the great vigor of the background of spontaneous 
activity. Tuning forks applied to the outside of the vessel containing 
the immersed fish appeared to increase the discharge in some cases 
during the time of application, but this response was never as clear as 
it sometimes is with catfish {cf. Hoagland, 1932-33a). 

It was previously suggested that the receptors of the lateral-line 
responding to touch and movements of the trunk might be different 
from those producing the spontaneous activity. This suggestion was 
based on the fact that in the catfish it appeared that additional nerve 
fibers are brought into activity by these stimuli, giving, on the whole, 
larger action potentials than those repetitively firing in the absence of 
external stimulation (Hoagland, 1932-33 a. Fig. 2). That a dual 
group of receptors exists is indicated by Fig. la. This shows im¬ 
pulses due to stroking the skin with a feather above the lateral-line 
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canal, after slicing through the lateral-line system in a cattish posterior 
to the region of exit of the nerve, in such a way as to leave only one 
active group of neuromasts. With the single neuromast group giving 
only sporadic impulses the additional imj)ulses set up by the feather 
strokes clearly occur in nerve libers, as judged by the all-or-nothing 
height of the potential waves, which are different from those spontane¬ 
ously discharging. 

In catfish the tactile receptors, as judged by their responses to 
touch, are located along the entire length of the canal with their maxi¬ 
mum distribution in the anterior jiortion of the trunk. In trout the 
maximum distribution of tactile receptors is found in the posterior 
part of the lateral-line canal within several centimeters of the tail. 
Stroking this region of the trunk above the canal produces vigorous 
bursts of impulses against the background of the spontaneous dis¬ 
charge. Few impulses are produced in trout by stroking the flank at 
a level with, or cephalad to, the dorsal fin. If one hangs a dead 
trout tail down and bends the body from the tail, the place of 
maximum bending occurs at a position coinciding exactly with the 
region of maximum distribution of tactile receptors found by means 
of the electrical recording technique. 

d’he distribution of special pressure receptors along the lateral-line 
canals of trout and catfish is interesting in the light of the general 
habits of the two forms, ('atfish are sluggish animals showing dis¬ 
tinct negative phototropism and feeding along the bottom mostly at 
night. "J'he region of maximum distribution of the pressure receptors 
of the lateral-line canal occurs well forward in the trunk in a position 
where the receptors might be stimulated by contact with objects in 
the course of the animal’s progression. Reflex swimming movements 
excite these receptors (Hoagland, presumably by pressure 

from surrounding tissues. In this way they may serve as propriocep¬ 
tors. In trout, which are active and vigorous swimmers and which are 
not conspicuously negatively phototropic, the pressure receptors are 
located in a position near the tail where direct tactile stimulation by 
objects in the water would be very unlikely to occur. 'I'heir position 
for proprioception is, however, ideal. The remarkable control of 
trout over their swimming movements may, in part, depend on this 
more efficient distribution of pressure receptors responding to trunk 
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flexion. The threshold of excitation to flexing as indicated by the ex¬ 
tent of bending necessary to produce impulses, is lower in trout than in 
catfish. Figs. 1 b and 1 c show responses of trout pressure receptors 
to stroking the skin over the lateral-line canal. Exactly the same 
effects are produced by concave flexing of the trunk. As judged by the 
density of nerve impulse discharge recorded by the loud speaker when 
the skin is explored by a pointed instrument, the cutaneous region 
directly over the pores of the trout lateral-line shows m a x im um sensi¬ 
tivity. In catfish the pores seemed no more sensitive than the region 
of skin between them. If one fills a medicine dropper with water and 
holds the submerged tip several millimeters above an immersed lateral¬ 
line pore, in the region of maximum distribution of tactile receptors in 
trout, one obtains nerve impulses in response to extremely light com¬ 
pression of the bulb of the dropper. Very slight downward movement 
of the column of water stimulates. The threshold for the fish receptors 
is considerably lower than that for pressure receptors in the human 
finger tip, since under similar conditions the bulb of the dropper must 
be pressed considerably more in order to excite tactile sensations from 
immersed finger tips. 

In the experiments made in obtaining Figs. 1 b and 1 c the lateral¬ 
line nerve was drawn across the electrodes just anterior to the region 
of maximum distribution of tactile receptors near the tail. By taking 
the nerve from the flank to the electrodes from the posterior region of 
the trunk just anterior to the region of maximum distribution of tac¬ 
tile receptors, one gets a preparation in which there remain only some 
20 (instead of 100) neuromast groups supplied by the nerve and con¬ 
tributing to the spontaneous activity. If one now slices through the 
lateral-line system a centimeter caudal to the region of exit of the nerve, 
a preparation is obtained in which only a few neuromasts are spontane¬ 
ously active. Impulses initiated by stroking or flexing the body stand 
out clearly against the background of reduced activity (Figs. \b, 
1 c ); these occur in fibers not normally concerned in the spontaneous 
activity, since the potentials of the individual fibers set up in response 
to the stimulus are clearly larger on the average than are those of the 
spontaneous discharge. 

In both trout and catfish impulses are set up only on the side in which 
compression of the receptors occurs; i.e., the side of concave bending. 
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Straightening and convex bending of the side do not produce impulses. 
The threshold for the effect of bending is lower in the trout than in the 
catfish. Adaptation of the response to bending or direct pressure is 
very rapid; impulses other than the spontaneous discharge are set up 
only in response to changes in the stimulus. In swimming, receptors 
on the two sides are discharged alternately corresponding to bendings 
of the flank, at frequencies depending upon the speed of movement. 
These impulses may serve a useful proprioceptive function despite the 
fact that experiments in which lateral-line nerves have been cut do not 
as a rule show marked disturbances of normal swimming movements. 
Disequilibration reported from time to time by different investigators 
resulting from lateral-line nerve cutting may be due to interference 
with proprioceptive impulses, although my own observations indicate 
that little if any disequilibration in normal swimming results from 
cutting the lateral-line nerves. It is more probable that the proprio¬ 
ceptive impulses may serve a tonic, reinforcing function for vigorous 
swimming, since the amount of the discharge increases both with the 
extent of flexion and with the rate of flexion. 

SUMMARY 

Evidence indicates that lateral-line fibers, other than those mediat¬ 
ing the “spontaneous” activity of the lateral-line receptors, are 
brought into play in response to pressure stimuli in catfish and in 
trout. 

The distribution and mode of stimulation of mechanoreceptors along 
the lateral-lines of trout and catfish are discussed in relation to the 
natural activities of these forms. 
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SOME METHODICAL ERRORS WHICH MAY ARISE IN THE 
DETERMINATION OF BOUND WATER* 


By henry B. bull 

{From the Division of Agricultural Biochemistry, University of Minnesota, St. Paul) 
(Accepted for publication, June 21,1933) 

“Bound water” has been a subject of unusual interest to the phy¬ 
siologist (1) in recent years and many papers of merit have appeared 
upon the question. 

These methods and concepts of the physiologist have been attended 
by a parallel development in the realm of pure physical chemistry. 
Thus Polanyi et ai. (2) have developed the so called potential theory of 
adsorption and have studied the decrease in the adsorption potential 
as the distance from the particle is increased. This adsorption poten¬ 
tial is calculated by means of the equation 

A ^RTlay 

in which is the vapor pressure of the liquid at the given temperature 
and P is the vapor pressure of the material in equilibrium with the 
adsorbed material. It is the adsorption potential which determines 
the extent to which the vapor pressure of a gas is to be reduced upon 
approaching a solid surface. On the immediate surface the potential 
is exceedingly high, the vapor pressure and the fugacity of the gas are 
low. Assuming for the moment that we are dealing with some liquid 
below its critical temperature, perhaps water, we can then say that its 
activity has been correspondingly reduced. As we increase the amount 
of water vapor present we eventually reach the saturation point. It is 
hard to see how the addition of further water could change the situa¬ 
tion. In other words, if the substance with its adsorbed water were 
immersed in water the condition at the surface would not be changed. 
We should have imder these conditions what the physiologist has been 

* Paper No. 1194, Journal Series, Minnesota Agricultural Experiment Station. 
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calling “bound water.” Its activity has been decreased and its ability 
to dissolve substances has been correspondingly diminished. This, it 
seems to the author, is the physical picture of bound water. 

If, however, we add to this system a small amount of some solute— 
perhaps sucrose—we upset the conditions. This same potential which 
contributed to the diminution of the vapor pressure and activity of 
the water now diminishes the activity of the sucrose which comes in 
the proximity of the solid surface. The sucrose has been adsorbed. 
The author is aware that Polanyi has endeavored to apply his adsorp¬ 
tion theory to solutions with but small quantitative success. How¬ 
ever, the author does feel that the theory is a sound one and that the 
lack of quantitative agreement is due to the extremely complicated 
situation. In any event, however, that the solute can be adsorbed by 
colloidal material has been demonstrated a great many times and is a 
fact, whatever may be the theory by which we account for the phe¬ 
nomenon. 

It appears to the author that adsorption of the solute by the sub¬ 
strate may be a source of large errors and it may turn out that this is the 
principal cause of disagreement so generally noticed between the 
results of different workers. It is true that it has been recognized 
that adsorption might play a r61e, but there seems to be a lack of 
appreciation of size of errors which might result from a relatively small 
adsorption of the solute. 

In a recent paper Greenberg and Greenberg (3) presented results 
obtained from a study of the concentration of the solute in the ultra¬ 
filtrate from certain colloidal materials. This concentration was com¬ 
pared with the concentration of the solute in the original colloid. 
They proposed the following equation 



where h is the bound water per gram of colloid, P is the amount of the 
colloid per gram of total water, Cy is the concentration of the reference 
substance per gram of total water in the system, C„ is the concen¬ 
tration per gram of water of the reference substance in the ultra¬ 
filtrate. They presented data from which the bound water might be 
calculated by the use of this equation. The author has used their 
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TABLE I 


Gelatin 

concentra¬ 

tion 

Solvent composition 

Reference 

substance 

(<^r) 

(^■«) 

Bound 

water 

h 

Ct 

corrected 

Bound 

water 

corrected 

1 

0.0165 

0 01 N HCl 

Urea 

0.00109 

0 OOIO^) 

0.0 

0.00104 

3.03 

2 

0 0220 

0.025 N HCl 


0 00200 

0.00205 

1.109 

0.00190 

3.327 

3 

0.0267 

O.IOnHCI 

« 

0 00129 

0 00120 

-2 808 

0 001226 

-0.798 

4 

0.0254 

0.075 NlICl 

u 

0.00140 

0 00125 

-4.72 

0 00133 

-2.52 

5 

0.0274 

0.26 N HCl 

u 

0.00138 

0.00138 

0 0 

0 00138 

1.825 

6 

0.0300 

0.011 NNaOH 

u 

0.00099 

0.000^)5 

-1.40 

0 0094 

0 35 

7 

0 0.S70 

0.005 nKCI 

u 

0.00113 

0.001138 

0.19 

0.001074 

1.62 

8 

0.0290 

O.OlNNaCl 

u 

0.00211 

0.00205 

-1 008 

0.002005 

0.8413 

9 

0 0273 

0.0075 N KCl 

it 

0,00157 

0.00160 

0.6886 

0 001492 

2.48 

10 

0.0300 

HjO 

a 

0 001415 

0 00139 

-0.599 

0.001344 

1.10 

11 

0.0300 

HaO 

Glucose 

0 001 

0.00099 

-0 337 

0.00095 

1.35 

12 

0.0338 

HjO 

i( 

O.OOl 

0.001008 

0.235 

0.00095 

1.701 

13 

0.0311 

HjO 

it 

0.001 

0.00100 

0 0 

0.00095 

1.61 

14 

0.0263 

0.1 NNaCl 

it 

0.001 

0 000994 

-0.228 

0.00095 

1.68 

15 

0.0316 

0.0043 N HCl 

« 

0 001158 

0.001159 

0.275 

0 00110 

1.61 


0.0500 

HjO 

Urea 

0.00987 

0.00980 

-0 143 

0 00937 

0 816 

17 

0 0400 

0 005 N NaOH 

« 

0 00987 

0 00984 

-0 076 

0 00937 

1.118 

18 

0.0400 

0 091 N HCl 
0.08 NNaCl 


0 02670 

0.02660 

-0 0938 

0 00254 

1.127 

19 

0.0500 

0.1 N KCl 


0.02670 

0.02680 

0.0761 

0.00254 

1.044 


TABLE II 


Casein con¬ 
centration 

Solvent composition 

Reference 

substance 

Cr 

Cu 

Bound 

water 

h 

Ct 

corrected 

Bound 

water 

cor¬ 

rected 

w 

0.0325 

0.023 NaOH 

Urea 

0.001435 

0.001425 

-0.216 

0.00136 

1.34 

ib) 

0.0228 

0.05 KOH + 
0.01 KSCN 

« 

0.00145 

0.00145 

0.0 

0.00137 

2.21 

(c) 

0.0175 

0.01 KOH + 
0.02KCsH,02 

I « 

0.00078 

0.00079 

0.725 

0.000741 

3.55 

(d) 

0.0118 

0.0067 KOH + 
0.03 KC2H803 

(( 

0.00078 

0.00078 

0.0 

0.000741 

4.24 

w ■ 

0.0346 

0.030 KOH + 
0.019 KCjHsOa 

u 

0.00061 

0.00060 

-0.479 

0.00058 

1.012 

(/) 

0.0144 

0.012 KOH + 
0.0145 K 2 C 2 O 4 

u 

0.00057 

0.00059 

2.35 

0.00054 

5.77 

(«) 

0.0266 

0.0145 NaOH 

Glucose 

0.000979 

0.000986 

0.269 

0.00093 

2.135 

(A) 

0.0294 

0 0154 NaOH 

u 

0.000882 

0.000882 

0.0 

0.000838 

1.697 

(0 

0 0227 

0.0119 NaOH 

u 

0.000909 

0.000907 

-0.0969 

0.000864 

2.088 
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data and their equation for bound water and has calculated the amount 
of water bound or associated with each gram of colloid. This has 
been done both for gelatin and casein. The results of these calcula¬ 
tions are presented in Tables I and II. 

The results can be seen to be extremely erratic. In some cases a 
tremendous amount of negative bound water is found (Table I, 0.0254 
per cent gelatin, 0.075 N HCl, and 0.00140 gm./cc. urea). In five 
cases the amount of bound water is zero. In others a positive value is 
found. From these erratic results we can judge that the method is 
capable of only a small degree of accuracy. Assuming, however, for 
the moment that the experimental results describe completely the 
actual conditions, we make the further assumption that 5 per cent of 
the solute is adsorbed, i.e., bound by the substrate—surely a modest 
estimate. We have then recalculated the data with the results as 
shown in Column 9 of Table I and Table II. 

We have used in these calculations the modified formula 



where S is now the amount of the solute adsorbed per gram of total 
water. 

It can be seen that this small correction changes the final values in 
some cases by over 300 per cent and in many cases the mysterious 
negative bound water becomes a more reasonable positive value. This 
represents a serious and drastic revision of the results and conclusions 
of Greenberg and Greenberg. 

SUMMARY 

The “bound water” hypothesis has an adequate theoretical basis. 
A relatively slight adsorption of the solute along with water molecules 
(bound water) will explain the failure of certain technics to demonstrate 
the existence of bound water in biochemical systems. 

I wish to thank Dr. R. A. Giortner for his helpful criticism of this 
paper. 
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ANESTHESIA PRODUCED BY DISTILLED WATER 

Bv W. J. V. OSTERHOUT and S. E. HILL 
{From the Laboratories of The Rockefeller Institute for Medical Research) 

(Accepted for publication, June 21,1933) 

Experiments on Nilella^ show that the cells lose their irritability 
when transferred from pond water or from a nutrient solution to dis¬ 
tilled water. The process appears to be perfectly reversible as the 
normal irritability returns when the cells are replaced in the nutrient 
solution. Hence anesthesia appears to be produced by removmg some¬ 
thing from the cell. 

The recording apparatus is essentially an electrostatic short-period voltmeter,* 
consisting of a Cambridge Type A string galvanometer with thermionic amplifier. 
The circuit arrangement is shown in Fig. 1. A selected 201 A vacuum tube with a 
grid to cathode d.c. resistance of over 100 megohms at free-grid potential is 
employed. This is used at free-grid potential without a grid leak, under which 
conditions the error in measurement of potential of a Nitella cell is less than 1 per 
cent. By the use of a series calibration (Pi) the error is reduced to a negligible 
value. 

In operation, the plate-circuit resistance is adjusted until equal to the internal 
resistance (plate-cathode) of the tube at free grid. 

The grid-biasing potentiometer {?%) is then adjusted to free-grid potential. 
The Nitdla cell or a calibration potential may now be thrown into the grid circuit, 
and the sensitivity of the instrument brought to the required value by use of the 
galvanometer shimt Ri or by changing the tension of the strmg. 

By operating at free-grid potential the grid current is kept at a minimum value 
and the galvanometer is protected if the circuit is accidentally opened. The use of 
plate-circuit resistance equal to the internal resistance of the tube gives maximum 
power amplification. Ample power is secured to operate the string galvanometer 
while drawing minimum current from the cell under examination. 


* This is Nitella flexUis Ag., the species used in all previous work from this 
laboratory, 

* Osterhout, W. J. V., and Harris, E. S., /. Gen. Physiol., 1927-28, 11, 391. 
Osterhout, W. J. V., and HiU, S. E., /. Gen. Physiol., 1929-30,13,547; 1930-31,14, 
385,473. Blinks, L.R.,/.G:e«.PAy«D/., 1929-30,13,361. 
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Reference to Fig. 2 will show the reason for employment of the amplifier. The 
voltage existing in the Nitella cell is distributed across Ri and R 2 in direct propor¬ 
tion to their resistance. Four times the voltage applied to the grid circuit (R 2 ) of 
the 201 A tube is generated in the plate-circuit (R^) which has only about 1/40 



Fig. 1. Thermionic amplifier for galvanometer 
G » Cambridge Type A string galvanometer 



Fig. 2. Schematic diagram of vacuum tube amplifier employing 201 A radiotron. 
EiRi - voltage and resistance of Nitella cell. 

E 2 - calibrating e.m.f. from source of negligible resistance (50 ohms per volt). 
R 2 “ grid to cathode resistance of 201 A radiotron. 

Rz « plate to cathode resistance of 201 A radiotron. 

the resistance of the Nitella cell. The sensitivity of the galvanometer is about 160 
times as great as it would be without the amplifier, while the current drawn from 
thtNitella cell is less than 1/100,000 of that which would be drawn by the galvanom¬ 
eter if connected direct to the Nitella ceU. 


25,000 
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The temperature in all experiments was 21-23°C. The experi¬ 
ments with distilled water were carried out in the following ways; 

1. Mass Cultures 

Cells were placed in a covered pan of enamelled ware containing a 
mixture of electrolytes which will be called Solution A. These gave 
action currents for 2 weeks* during which period they were tested 
frequently. Solution A was then replaced by distilled water and left 
until their irritability was lost. When these cells were replaced in 
Solution A most of them regained their former irritability in 2 days: 
in some of these which were kept in distilled water for 8 days anesthe¬ 
sia doubtless lasted a week since irritability probably disappeared 
in a day. 

“Loss of irritability” as used in this paper means loss of ability to 
respond to a definite stimulus which was approximately the highest 
that could be applied without danger of injury (see p. 93). This was 
direct current applied for 3 seconds by means of two silver-silver 
chloride electrodes placed (about 1 cm. apart) at one end of the cell. 
A cell which does not respond in this length of time will not do so when 
the stimulus is prolonged indefinitely. 

Cells were regarded as showing normal irritability when they re¬ 
sponded to 50 to 160 mv. applied in this manner. In this experiment 
cells which did not respond to 400 mv. were regarded as having lost 
their irritability. 

In a typical experiment, such as is described above, 25 cells were kept in Solution 
A for 2 weeks and all gave action currents (with 160 mv.) before being placed in 
distilled water. But of the 23 cells alive after 1 day in distilled water only 48 per 
cent responded and of the 21 alive after 3 days only 9 per cent responded. Re¬ 
placed in Solution A 50 per cent responded after 1 day, 70 per cent after 2 days, 77 
per cent after 3 days, 77 per cent after 4 days, and 87 per cent after 10 days. 
(During the experiment 68 per cent of the cells died: no account is taken of these 
in making up the percentages, which refer only to the Uving cells.) There was no 
loss of irritability during 16 days in the control cells kept in Solution ^4, except in 
dead cells (46 per cent of these cells died in 10 days and 53 per cent in 16 days). 

The cells, placed on paraffin blocks, were surroimded by moist air except where 


* Cells often remained normal under these conditions for 10 weeks or more 
(each was a single cell from which neighboring cells had been cut away). 
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the contacts, consisting of moist cotton, were applied. The contacts were about 1 
cm. apart. 

The water was redistilled, using a pyrex glass flask and condenser, and rejecting 
the first third of the distillate (baffle plates were used to prevent mechanical 
contamination). 

Solution A contains 

CaCb 0.001 M Citrate 0.00001 H 

NH4CI 0.00025 M Tartrate 0.00002 u 

MgCli 0.00025 m Phosphate 0.00003 m 

NaHCOa 0.001m 

To 1000 parts of this 1 part of sea water was added. 

2. Individual Test-Tubes 

In order to foUow the behavior of individual cells 40 test-tubes were 
filled with Solution A and a cell was placed in each. Each of these 
cells gave action currents when stimulated electrically (160 mv.). Solu¬ 
tion A was replaced by distilled water and the cells were again tested 
24 hours later, at which time all responded. 

Let us now consider the behavior of a typical cell (No. 3). After 2 
days in distilled water it still gave action currents but after 3 days it 
no longer responded when 300 mv. were applied and it was therefore 
regarded as having lost its irritability. It was then transferred to 
Solution A and 24 hours later gave action currents: this was also true 
2 days later when the experiment was discontinued. 

We see that ability to respond to 300 mv. disappeared in about 3 
days in distilled water and was regained in Solution A in about a day. 
Control cells, kept in Solution A, showed no loss of irritability (except 
in the case of those that died during the experiment). 

Leaving out of account 23 cells which died* during the experiment, let us con¬ 
sider the 17 which survived to the end (7 days). All were treated like Cell 3. Of 
these, 7 behaved like Cell 3 and the rest differed only in minor details (with the 
exception of 2 which continued to give action currents throughout the entire 
experiment). For example, 4 lost their irritability more quickly than Cell 3 at 
the start (i.e. after 1 day in distilled water) but all save 1 regained their irritability 
just as quickly as Cell 3 when transferred (on the 5th day of the experiment) from 


* The mortality seems to be due principally to the handling of the ri»lla which 
have to be removed from the test-tubes for each test. Cells kept continuously in 
Solution A die much more quickly when handled than otherwise. 
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distilled water to Solution A. When this transfer was made all the roiu except 4 
had lost their irritability but all save' 2 regained it in 24 hours in Solution A. 
All the cells responded when the next test was made 2 days later (8th day of the 
experiment). 

In order to see whether the restored irritability could again be 
removed another experiment was made with a lot of 40 cells. A 
typical cell (No. 7) lost its irritability after 1 day in distilled water 
(no response to 500 mv.); tests on the 2 following days showed that 
this condition persisted. It was then transferred to Solution A where 
it regained its irritability in 1 day: a test on the following day showed 
that it was still responsive. It was then transferred to distilled water 
and a test 2 days later showed that it had again lost its irritability. 

Hence it is possible to remove irritability, restore it, and take it 
away again. 

Leaving out of consideration the 29 cells which died during the experiment, we 
may say that the 11 which survived to the end of the experiment (8 days) agreed 
with Cell 7 except in minor details. Thus at the start 6 were slower than Cell 7 in 
losing irritability (4 required 2 days and 2 required 3 days in distilled water). 
When the cells were afterward transferred to Solution A (after bemg 3 days in 
distilled water) 2 were slower than Cell 7 in regaining irritability: nevertheless they 
accomplished it in 2 days. When on the 6th day, after being 2 days in Solution A, 
the cells were transferred from Solution A to distilled water, 5 cells were slower than 
Cell 7 in losing their irritability but (with one exception) all these lost it in 3 days. 

3. Treatment of Restricted Areas of the Cell 

Under the circumstances it seemed worth while to ascertain whether 
distilled water applied to a restricted area of the cell would cause a 
local loss of irritability. This proved to be possible and it was found 
that the irritability could subsequently be restored. 

A typical cell (No. 3) behaved as follows: With Solution A at A, 
B, C, and F (Fig. 3 with D and E omitted) stimulation (160 mv.) by 
means of the electrodes at A and B resulted in responses at C and F. 
The solution at F was then replaced by distilled water. After 24 hours 
F did not respond to 300 mv. but C gave a normal response. Tests 
on each of the 8 following days showed this situation to be unchanged. 

' These 2 regained thdr irritability later on. 
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The distilled water at F was then replaced by Solution A and after 24 
hours F responded as well as C. In this case therefore local anesthesia 
lasted 8 days but there was no irreversible injury. 



Section at XY 



Fig. 3. A paraffin block containing 6 cups (.4, C, £, and F) filled with 
solution is shown in cross-section above, in ground plan in the middle, and in longi¬ 
tudinal section below. Each partition has a notch filled with vaseline in which a 
NiieUa cell is embedded as shown in the cross-section (above). In this way 6 
different areas of the cell can be treated with different solutions. A cell may re¬ 
main several days in the block without apparent injury. 

Electrical connections are usually made as shown in the ground plan, i.e. from 
C to F, Z) to F, and F to F (here G signifies a string galvanometer with a vacuum 
tube amplifier; the apparatus is essentially electrostatic in principle). 

In view of the fact that the protoplasm and sap of Nitella are in con¬ 
stant circulation it might be supposed that substances leached out of 
D by distilled water might be replaced from neighboring regions 
rapidly enough to preserve the irritability but this was not the case. 
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In this case 20 cells were employed. Leaving aside the 8 cells which died during 
the ex[)eriment we may say that the 12 which survived to the end of the experiment 
(11 days) behaved like Cell ^ except for minor differences. For example, at the 
start 3 were slower than Cell 3 in losing irritability at F but all lost it in 4 days. 
Furthermore 3 cells regained irritability at F somewhere between the 6th and 8th 
days although apparently in contact with distilled water (whether there was some 
contamination of the distilled water from the adjoining cup is not known). Also 5 
cells took 2 days to regain irritability at F when (on the 8th day of the experiment) 
distilled water at F was replaced by Solution A, 

The cells were placed in cups in paraffin blocks as shown in Fig. 3. These were 
prepared by running paraffin into steel® molds so as to make 6 cups separated by 5 
solid partition walls of paraffin about 3 mm. in thickness. In the center of each of 
these a vertical notch was cut to admit a Nitella cell. When the cell was placed in 
the block, as shown in Fig. 3, the cups ^, JB, C, D, £, and F were filled with solution. 
No liquid crept from one cup into the next under these circumstances because the 
space in the notch around the Nitella cell was filled with vaseline. The block was 
covered with a glass plate. 

There was, of course, a capillary film of liquid surrounding the cell wall but this 
did not produce more short-circuiting than the ordinary experiments in air or in a 
moist chamber such as have been described in previous papers. 

It is evident that the area at F which is treated with distilled water 
gives no response when a stimulus is applied by means of an outgoing 
electrical current at i?, but we are unable to say what would happen if 
a stimulus were to be applied directly to the region in contact with 
distilled water. 

In order to answer this question two methods were employed both 
of which showed that no normal response could be obtained. 

1. Cells were used which had been kept in a paraffin block (Fig. 3) with distilled 
water at ^4, .B, C, Z>, £, and F for 3 days. These places remained in contact with 
distilled water while the following test was made. In the circuit through A and B 
500mv. were applied in the usual way with an ingoing current at-4 and an outgoing 
current at B, As this produced no normal response it was gradually increased to 
1200 mv. We led off in the usual way from C to F with electrodes in both cups, 
but the partition between B and C was removed so that these two cups were in 
contact with the same area of the cell. The record showed an increased negativity 
at C due to the applied e.m.f. which ceased when the current was broken. How¬ 
ever, the negative potential at B fluctuated irregularly during the outward flow in a 
manner suggesting a breakdown of the protoplasm by the large current employed 
and a consequent change in effective resistance. There was no transmission to 


* Steel was preferred to copper or brass since it is not toxic. 
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D, Ej or F: all points were in contact with distilled water during the experiment. 
With 300 mv. applied there was no such fluctuation in the negativity of C during 
the flow. 

2. In the second method the circuit from A to B formed one arm of an equal-arm 
Wheatstone bridge as described by Blinks.^ The arrangement is shown in Fig. 4. 
We could then lead ofl to the galvanometer as shown in the figure and apply an 
electrical stimulus without having it aflect the photographic record directly. In 
the record we see only the changes in p.d. which take place in the protoplasm. 
We found no normal responses at B: some irregular disturbances occurred at higher 
voltages but in no case were these followed by action currents at C, D, or F. 



Fig. 4. Showing arrangement when the circuit through A and B constitutes one 
arm of an equal-arm Wheatstone bridge. In this case the stimulating e.m.f. 
does not affect the photographic record directly. Here G signifies a string galva¬ 
nometer with a vacuum tube amplifier. Contacts at A, By etc. are made with 
moist cotton. 


DISCUSSION 

If distilled water can leach materials out of the cell it would not be 
surprising if it eventually produced irreversible injury: this appears to 
be the case in exposures of 3 weeks or more in our experiments. In 
this connection we may recall the statements by various investigators 
that water distilled from apparatus consisting entirely of glass or 
quartz may be toxic. 

It is of interest to inquire how the effects of distilled water on 
irritability are produced. Since the action current depends on the 
presence of an outwardly directed p.d. across the protoplasm* it might 

^ Blinks, L. R., /. Gen. Physioly 1929-30,18,361. 

* Osterhout, W. J. V., Biol. Rev.y 1931,6,369. 
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be supposed that this p.d. is lowered by the distilled water to a degree 
which makes the action current impossible. 

We therefore measured this p.d. in the usual manner* by placing 
Solution .<4 at C and D and then killing F with chloroform and measur¬ 
ing the P.D. between C and F and D and F. Since this reduces the 
P.D. of F approximately to zero it gives a measure of the p.d. at C and 
D. This was on the average about 85 mv. 

The measurement was repeated on other cells in which C had been 
treated with distilled water until irritability had disappeared. The 
P.D. of C was then found to be about 120 mv. 

This rise in the p.d. across the protoplasm might be explained in 
various wa)rs. If, for example, salts were leached out of the protoplasm 
so as to diminish the inwardly directed p.d. across the inner protoplas¬ 
mic surface the outwardly directed p.d. across this surface (due mostly 
to potassium in the sap) would appear to increase, unless compensating 
processes occurred at the outer surface. 

This would indicate that the chief effect of the distilled water is on 
the outer protoplasmic surface and the protoplasm and that the 
inner smface (adjoining the vacuole) still gives a marked p.d. due 
chiefly to the potassium in the vacuole.® 

The action of distilled water on the outer surface of the protoplasm 
is evidently to leach something out.® The nature of the substance will 
be discussed in a later paper. According to B. Hansteen Cranner*® and 
others^^ living cells of plants^® when placed in contact with distilled 

* The result cannot be due to the slight change in osmotic pressure experienced in 
passing from Solution A to distilled water for the same result is obtained when the 
cells are transferred from pond water or from very dilute Solution A to distilled 
water. 

^® Cranner, B. H., Zur Biochemie und Physiologie der Grenzschichten lebender 
Pflanzenzellen, Christiania, Gr0ndahl and S0ns, 1922. (Meldinger fra Norges 
lAndbruksh^iskole, 1922,2, Nos. 1 and 2.) 

“ Grafe, V., Biochem. Z., 1925, 169, 445; 1929, 206, 256; BeUr. Biol. Pflam., 
1928,16,129. Grafe, V., and Horvat,V.,Btw:Am.Z., 1925,169,449. Grafe, V., 
and Magistris, H., Biochem. Z., 1925,162, 366; 1926, 176, 266; 177, 16. Grafe, 
V., and Ose, K., Biochem. Z., 1927, 187, 102. Grafe, V., and Freund, K., Beitr. 
Biol.Pjlam.,mZ,l^,m. Magistris, H., BwcAm. Z., 1929,210,85. Magistris, 
H., and Schafer, P., Biochem. Z., 1929,214,440. Thierfelder, H., and Klenk, E., 
Die Chemie der Cerebroside und Phosphatide, Berlin, Julius Springer, 1930. 

** In some cases at least no injury to the cells appears to be involved. 
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water regularly give off certain substances. They regard these as 
phosphatides but this identification is not confirmed by Steward.^* 

An alternative explanation might be that the supply of soluble 
calcium in the cell is decreased by metabolism so rapidly that it 
falls below the level needed for irritability unless continually re¬ 
newed from without. This seems improbable in the short time re¬ 
quired for these experiments and especially in view of the fact that 
we find no such deposits of calcium oxalate as occur in many plant 
cells. 

The simplest assumption would appear to be that the cell manufac¬ 
tures one or more substances which may be called collectively R. ITiis 
enters the surfaces and makes possible the normal irritability. In 
pond water‘d or in Solution A this substance dissolves out very slowly 
so that it is replaced by the cell about as rapidly as it comes out but 
at certain times of the year the dissolving action becomes more rapid 
or the production of R is slower so that normal irritability disappears. 
When cells are placed in distilled water the leaching action is so rapid 
that the outer protoplasmic surface loses R more rapidly than it is ac¬ 
quired and in consequence the normal irritability is lost. This effect of 
distilled water may be largely due to the absence of calcium^* since we 
find that the addition of about 0.001 m CaCU to distilled water prevents 
this effect. When irritability has been lost in distilled water it can be 
restored about as readily in 0.001 m CaCU as in Solution A. This 
would be expected if we were dealing with the substances observed 
by B. Hansteen Cranner since he states that calcium prevents their 
solution. Loeb“ suggested that the protoplasmic surface resembles 
a soap which is made harder by calcium and softer by sodium and 
potassium. Other observers have noted specific effects of calcium 
on the protoplasmic surface." 

“ Steward, F. C., Biochem. 1928,22,268; Brit. J. Exp. Biol., 1928-29,6,32. 

Cells transferred from pond water to distilled water act like those transferred 
from Solution A to distilled water. 

Some of the other bivalent or trivalent cations would no doubt act some¬ 
what like calcium. 

Loeb, J., The dynamics of living matter. New York, The Columbia Uni¬ 
versity Press, 1906. 

" Cf. H6ber, R., Physikalische Chemie der Zelle und Gewebe, Leipzig, W. 
Engelman, 6th edition, 1926, 696. Examples will be found in recent work on 
blastomeres and on microdissectiou. 



W. J. V. OSTERHOUT AND S. E. HILL 


97 


In this connection we may recall the injurious effects of lack of cal¬ 
cium in all sorts of organisms, including the phenomena of antagonism. 
These may depend on the fact that an important function of calcium 
is to prevent the leaching out of substances from the surface. Appar¬ 
ently only a little calcium is needed for this purpose. A great excess 
of calcium may prove toxic by acting in some other way. A good 
illustration of this is found in HalicysHs as described by Blinks.'® In 
sea water the cells show an outwardly directed p.d. of 60 to 80 mv. 
which quickly disappears when 0.6 M NaCl is substituted for sea water. 
But when 2.5 parts of 0.4 M CaCl* are added to 97.5 parts of 0.6 M 
NaCl the p.d., although falling at first, rises to nearly the normal value. 
In pure 0.4 m CaCU on the other hand it drops approximately to zero 
and so continues. 

It may be remarked in passing that the sap of Valonia contains little 
or no calcium'® but the sap is probably nearly saturated with R so 
that calcium is not needed to prevent leaching of R in the vacuole. 
Lack of calcium in the external solution soon produces injury. 

The fact that anesthesia can be produced by removing something 
from the cell raises the question whether other cases of anesthesia may 
be explained in the same way. As a matter of fact one of the earliest 
theories of anesthesia, that of Bibra and Harless (1847) was precisely 
this;®® i.e., that chloroform and ether dissolved out certain substances 
from the brain. 

It is of interest to find that reversible anesthesia can be maintained 
for a week at a time; this recalls the long periods of anesthesia possible 
with certain animals.®' 

'® Blinks, L. R., J. Gen. Physiol, 1929-30,13,223. 

'®This seems to be the case with soluble calcium in many flowering plants 
according to analyses by the senior author. But according to Thoday and Evans 
(Thoday, D., and Evans, H., Ann. Bot., 1932, 46, 781) in certain plants soluble 
calcium and soluble oxalate may exist in different cells. When the sap is ex¬ 
tracted mutual precipitation occurs. Hence the analysis will show less than the 
true amount of soluble calcium. See also Czapek, F., Biochemic der Pflanzen, Jena, 
Gustav Fischer, 3rd edition, 1925, 3, 70. 

®® Henderson, V. E., Physiol Rev., 1930,10,171. 

®' Animals may be anesthetized for several days at a time without permanent 
injury, e.g. tadpoles (Overton, E., Studien Uber die Narkose, Jena, Gustav Fischer, 
1901), frogs (Krogh, A., cited in Winterstein, H., Die Narkose, Berlin, Julius 
Springer, 2nd edition, 1926, 40; for experiments by Winterstein see Biochem. Z., 
1915, 70, 130), and birds (Ellis, M. M., /. Pharmacol and Exp. Therap., 1923,21, 
323). 



98 


ANESTHESIA PRODUCED BY DISTILLED WATER 


In this connection we may state that in the late spring it is not un¬ 
common to find ceUs in the ponds which cannot be stimulated electri- 
cally“ when brought into the laboratory. Apparently this condition 
may last for weeks in their natural environment. We are not able to 
change this by keeping them in Solution A, It would therefore seem 
that the difiSculty is in the cells themselves which do not produce R 
in normal quantity at this season. 

In conclusion we may emphasize that the term anesthesia is here 
employed, as often in nerve physiology, merely to denote lack of 
response to electrical stimulation: other effects were not investigated, 
except that it was noted that protoplasmic streaming continues after 
leaching with distilled water. 


SUMMARY 

Cells of Niiella Jlexilis Ag. lose their power to respond to ordinary 
electrical stimulation after 2 or 3 days in distilled water. It returns 
after a day or so when they are replaced in their normal environment, 
in a suitable nutrient solution, or in a dilute solution of CaCh. 

Here anesthesia seems to be produced by removing something from 
the cell and this raises the question whether other cases of anesthesia 
may be explained in the same way. 

The antagonistic action of calcium, in some cases at least, ap¬ 
pears to depend on its power to prevent substances from leaching 
out of the cell. 

“ I.e. earlier in the season such cells can be stimulated by 50 to 160 mv. but 
in the late spring they cannot be stimulated by 300 mv. or even more. 



ANESTHESIA IN ACID AND ALKALINE SOLUTIONS 


By W. J. V. OSTERHOUT and S. E. HILL 
{From the Laboratories of The Rockefeller Institute for Medical Research) 
(Accepted for publication, July 5,1933) 

We have found* that anesthesia is produced in Nitella by treatment 
with distilled water. Our experiments show that the action of dis¬ 
tilled water is hastened by adding acid or alkali and retarded by ad¬ 
ding calcium. 

We can secure the same effects by exposure to 0.0001 m HCl for an 
hour or to 0.001 m NaOH for 2 or 3 hours as by an exposure of 2 or 
3 days to distilled water (all of these effects are fully reversible). 

This may be illustrated by describing some typical experiments (all 
the details are as in the first paper* unless otherwise stated*). 

Effects of Alkali 

A group of cells which had been kept for 3 weeks in Solution A* was 
transferred to paraflSn blocks (Fig. 1) and tested, and all of them re¬ 
sponded to electrical stimulation of 160 mv. {A responded on break). 
Solution A in Cups A and E was now replaced by 0.001 m NaOH, 
and the cells were tested at short intervals. After 75 minutes of 
extraction with 0.001 M NaOH at A and E, the cells were tested with 
300 mv., with the following results. Of 12 cells 

None responded at A 
12 “ “ D (control spot) 

3 “ “ E 


* Osterhout, W. J. V., and Hill, S. E., /. Gen. Physiol., 1933-34,17,87. 

* Preliminary experiments showed that cells placed in 0.0001 m HCl (pH 4) and 
0.001 M NaOH (pH 11) lived 24 hours or longer (the pH value in NaOH fell during 
the exposure). In applying or removing acid or alkaline solutions there is an effect 
on p. D. due to the diffusion potential in water of the acid or alkali: the amount of 
this can be estimated from experiments on dead cells. 

The temperature was 23-25‘’C. 
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To test whether the effects of NaOH could be reversed by neutralization 
of the NaOH, Cups A and E were filled with 0.0001 m HCl and tested 
by applying 300 mv. a few minutes later. Only one cell responded at 
A. Tested 1 hour later, none responded, and in 5 hours all were 
dead. Obviously something more than removal of the NaOH is neces¬ 
sary to restore irritability. 






Fig. 1. Diagram of a series of paraffin cups, A, B, C, etc., with a single cell of 
Nitella passing through all of them (in each partition the Nitella cell is sealed in 
with vaseline). Stimulation is applied in the circuit between B and C. We lead 
ofif from A to Ff D to F, and E to F through a string galvanometer (G) in circuit 
with a vacuum tube. The whole is covered with a glass plate to prevent evapo¬ 
ration. 





Fig. 2. As in Fig. 1 with a different arrangement of leads. 

A second group of 12 cells which had been kept in Solution A for 3 
weeks was tested and all responded to stimulation by 160 mv. Solu¬ 
tion A at one point (C, Fig. 2) was then replaced with 0.001 M NaOH, 
which was left in the cups for 3 hours, until no cell responded to 
stimulation by 300 mv. The 0.001 m NaOH was then replaced by 
0.01 M CaCU, which produced no immediate effect. Left overnight 
with CaCU at C, 7 cells out of 12 responded at C to stimulation in 
the circuit between A and B (200 mv.). The average magnitude of 
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the response was 36 mv., about one-half of the normal value. Partial 
recovery from the effects of NaOH was thus induced by 0.01 m CaCl*. 

A third group of 12 cells, with 0.001 m NaOH at C, was stimulated 
in the circuit between A and B with 200 mv. at short intervals for 3 
hours until irritability disappeared. The 0.001 m NaOH in Cup C was 
then replaced by Solution A. Left overnight, 5 cells out of 12 re¬ 
sponded at C (2 responded to 300 mv., and 3 required 500 mv. for 
stimulation). 

To determine the value of the outwardly directed potential in cells 
which had lost their irritability in 0.001 m NaOH, a group of 15 cells 
was treated by immersion in a bath of the alkali for 2 hours. The 
potential was then measured, using saturated calomel electrodes, with 
0.001 M NaOH on one end of the cell, and 0.001 m NaOH saturated 
with chloroform at the other. The outwardly directed potential at 
the living end had an average value of 112 mv. 15 control cells in 
Solution A exhibited an average potential of 76 mv. (when one end was 
killed with Solution A saturated with chloroform). It would seem 
that the p.d. across the protoplasm had been somewhat increased by 
the treatment, as is the case with distilled water.* 

Effects of Acid 

We had observed in earlier unreported experiments that Chara kept 
for 48 hours in pond water nearly saturated with CO 2 lost its irri¬ 
tability, and had an outwardly directed potential about 15 per cent 
above the value for cells kept in normal pond water. The control cells 
in normal pond water responded to electrical stimulation. Another 
group of cells kept for 48 hours in a mixture of 0.01 m NaHCOs and 
CO 2 at pH 6.0 lost their irritability, and retained the normal p.d. 
across the protoplasm. 

A group of 12 Nitella cells which had been kept in Solution A for 3 
weeks was tested with Solution A at all contacts, and responded to 
stimulation of 160 mv. Solution A in Cups A and E, (Fig. 1) was now 
replaced with 0.0001 m HCl, and the cells were tested after 1 hour with 
300 mv. Every cell responded at D, which had been in contact with 
Solution A throughout. Four responded slightly at A, and none at 
E. The 0.0001 m HCl at A was now replaced by 0.001 m CaClj and 
the 0.0001 M HCl at E was replaced by Solution A. H hours later the 
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cells were tested by stimulation with 200 mv. at B. Every cell re¬ 
sponded at D, 10 responded at A, and 10 responded at E. Thus 
Solution A and 0.001 m CaCh seem to be equally efficacious in restor¬ 
ing irritability which has been removed by leaching with 0.0001 m HCl. 

In another experiment Solution A in Cup D was replaced by 0.0001 
M HCl. The other cups contained Solution A, in which the cells had 
been kept for 3 weeks. The cell was stimulated (160 mv.) just before 
putting 0.0001 M HCl at D, then immediately after the change, and 
thereafter at intervals of about 2 minutes for 30 minutes until irri¬ 
tability disappeared {i.e., no response to 400 mv.). The magnitude 
of the response gradually fell off, the reduction being most marked 
in the second peak. The second peak disappeared in about 5 minutes, 
and response failed altogether after 30 minutes. 

To determine the value of the outwardly directed potential of a 
spot which has lost its irritability in 0.0001 m HCl, Solution A in Cups 
D and E (Fig. 2) was replaced by 0.0001 M HCl. 2 hours later F was 
killed with chloroform. The average value of 10 cells in contact with 
Solution A a,tC was then 66 mv., and the average value of 20 spots in 
contact with 0.0001 M HCl was 82.5 mv. There is thus a rise in the 
P.D. across the protoplasm when the cells are leached with 0.0001 M 
HCl, similar to that when they are leached with distilled water^ and 
with alkali. 


DISCUSSION 

It thus appears that the action of distilled water is hastened by 
adding acid or alkali. It has been shown previously^ that it is re¬ 
tarded by calcium. These may all be effects of leaching substances 
out of the cell. It is of interest to note that Magistris and Schafer* 
found that the action of distilled water in leaching substances out 
of plant cells was similarly hastened by the addition of acid and 
alkali and retarded by calcium. 

Alternative explanations are direct action of acid or alkali and 
the absence of calcium (which has been previously* discussed) but 

* CJ. Magistris, H., and Schafer, P., Biochem. Z., Berlin, 1929, 214, 440. They 
regard these substances as phosphatides but this identification b not confirmed 
by Steward (Steward, F. C., Biochem. /., London, 1928, 22, 268; Brit. J. Exp. 
Bid., 1928-29,6,32). 
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if lack of calcium alone were the cause acid should not increase the 
effect. 

It is possible that some of the reported cases of narcosis in various 
organisms induced by acid or alkali are due to leaching substances 
out of the cell. 


SUMMARY 

The action of distilled water in producing anesthesia (loss of response 
to electrical stimulation) in Nitella is hastened by the addition of acid 
and alkali and retarded by the addition of calcium. The loss of 
irritability is fully reversible. 




REVERSIBLE LOSS OF THE POTASSIUM EFFECT IN 
DISTILLED WATER 

By W. J. V. OSTERHOUT and S. E. HILL 
{From the Laboratories of The Rockefdler Institute for Medical Research) 

(Accepted for publication, June 30,1933) 

Not only does distilled water take away the irritability* of Nitella^ 
but it also changes its behavior toward potassium. In normal cells 
potassium is strongly negative to sodium: this will be called for con¬ 
venience the potassium effect. After sufficient exposure to distilled 
water this effect disappears but it can be restored by returning the 
cells to their normal environment or to nutrient solutions. This 
change in the protoplasm seems to be chiefly confined to its outer 
surface. 

These facts may be illustrated by citing a few typical experiments.* 

A group of cells was divided, alternate cells being placed in distilled 
water and in a nutrient solution called Solution .d.* 3 days later the 
cells were taken out of Solution A and placed on paraffin blocks,* 
being surrounded by moist air except at the contacts C, D, E, etc. 
(Fig. 1). At first Solution A was placed at all contacts. Then Solu¬ 
tion A was replaced at C by 0.01 M NaCl which made little change in 
potential. Substitution of 0.01 M KCl for 0.01 M NaCl caused the 
potential at C to become 86 mv. more negative, a normal potassium 
effect. In the other group of cells, which had been kept in distilled 
water 3 days, distilled water at C was replaced by 0.01 m NaCl and 
then by 0.01 M KCl. The change in potential was much less, K be¬ 
coming only 20 mv. negative to Na. 

In a similar experiment with a different lot of cells 0.01 M KCl was 
64 mv. negative to 0.01 m NaCl on the control cells in Solution A, but 

* Osterhout, W. J. V., and HiU, S. E.,/. Gc». PAyno/., 1933-.34,17,87. 

* This is Nitella flexilis Ag., the species used in previous experiments in this 
laboratory. 

* The experiments were performed at 21-23®C. 

* For technique see footnote 1. 
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the cells leached in distilled water for 4 days made no discrimination 
between K and Na. 

It would appear therefore that distilled water can leach out of the 
cell something which is responsible for the potassium effect. 

It is of interest to know the potential across the protoplasm in 
cells which do not show the potassium effect. A group of cells was 
leached 6 days in distilled water. Then 0.01 m NaCl was placed on 
contacts C and F, Fig. 1. The solution at F was then changed to 
0.01 M KCl, which made no great difference in potential, F becoming 
12 mv. more negative. The 0.01 M KCl was then replaced by 0.01 m 
KCl saturated with chloroform, which reduced the potential at F 
approximately to zero: C, in contact with 0.01 M NaCl, was then 110 
mv. positive to E. Since C and F were previously at nearly the same 



Fig. 1. Arrangement of NUella cells for rapid testing of potassium effects. 
Contact with the cell is made by means of wads of cotton dipped in the solutions. 
G denotes a string galvanometer in series with a vacuum tube. 

potential it is evident that F when in contact with 0.01 M KCl (with¬ 
out chloroform) had an outwardly directed p.d. of 98 mv. which is 
about what would be expected in a cell taken from Solution A and 
placed in contact with 0.01 m NaCl. In other words the p.d. across 
the protoplasm had not been lessened by the treatment with distilled 
water. 

In a previous paperi it was reported that local areas of the cell 
could be anesthetized by distilled water. It is of interest to deter¬ 
mine whether the potassium effect shows a similar behavior. 

Cells of Nitella which had been kept for several days in Solution A 
were placed in paraffin cups* separated by paraffin partitions (Fig. 2). 
Solution A was applied at A, B, C, D, E, and F. We found only a 
small P.D. between F and the other cups. We then substituted 0.01 
M NaCl for tap water at C and D, which made little change at either 
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spot. We then applied 0.01 M KCl at D. This produced a great 
change: before applying KCl D was 4.0 mv. positive to F but after¬ 
ward it was 64 mv. negative to F, a normal potassium effect. 

We then applied distilled water at C and D for 2 days. On substi¬ 
tuting 0.01 M NaCl for distilled water at C and at D very little change 
was observed. We then substituted 0.01 m KCl for 0.01 m NaCl at 
C and D. This substitution which formerly produced a great change 
now had very little effect, 0.01 m KCl becoming only 14 mv. negative 
to 0.01 M NaCl. Hence it would appear that something had been 
leached out of C and D so that they no longer behaved normally 
toward KCl. In other words the normal potassium effect had disap¬ 
peared as the result of the exposure to distilled water. 


IaI M Id llJ liJ 


Fig. 2. Diagram of a series of paraflin cups A, B, C, etc., with a single cell of 
Niklla passing through all of them (in each partition the Nitella cell is sealed in 
with vaseline). We lead off from one cup to another through a string galvanom¬ 
eter in series with a vacuum tube. 

In order to ascertain to what extent this effect of distilled water is 
reversible the experiment was repeated. After the leaching of C and 
D by distilled water 0.01 M NaCl was applied. As before this pro¬ 
duced little change nor did the substitution of KCl for NaCl. The 
KCl was then replaced by Solution A. The p.d. between C and F was 
then 11 mv., C being positive: that between D and F was 7 mv. 

After 24 hours Solution A was replaced by 0.01 m NaCl which made 
little change. Then 0.01 m KCl was substituted for NaCl. This made 
a great change, C becoming 64 mv. and D 55 mv. more negative. It 
would therefore seem that the normal state of the protoplasm had 
been restored, as the potassium effect before leaching was 68 mv. By 
applying Solution A saturated with chloroform at F we found that 
the P.D. across the protoplasm at C was 3 mv. and at Z) 4 mv. which is 
about the usual value for a normal spot in contact with 0.01 m KCl. 

It therefore appears that Solution A can restore the p.d. across the 
protoplasm to normal after it has been leached by distilled water. 
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All this could be easily explained by saying that the cell constantly 
produces certain substances, which may collectively be called R, which 
move into the protoplasmic surfaces and ensure its normal behavior. 
When R is leached out by distilled water faster than it is produced the 
behavior becomes abnormal. But this does not happen in the pres¬ 
ence of tap or pond water or of Solution A, presumably because in 
these cases R is produced faster than it is leached away. It is quite 
possible that calcium is an important factor in this situation and that 
it tends to prevent the rapid leaching of R. This has been discussed 
in a previous paper.* 

The leaching effect does not appear to affect the inner protoplasmic 
surface greatly nor to lower the concentration of potassium in the 
sap because the p.d. across the protoplasm does not fall off. This p.d. 
appears to be due for the most part to the action of the potassium 
salts in the vacuole on the inner protoplasmic surface, as explained 
in previous papers.® 

It may be added that the loss of the potassium effect appears to 
precede the loss of irritability. This will be discussed in later papers. 
It was observed that the treatment did not stop the protoplasmic 
motion. 

It is interesting to note that cells collected in June (a season of 
active growth*) cannot as a rule be stimulated electrically* and that 
the potassium effect is greatly reduced or altogether lacking. Placing 
them in Solution A does not alter this situation. Hence we conclude 
that it does not arise from a change in the pond water but rather from 
a change in the cells which probably are not producing the normal 
amount of R at this season. 


SUMMARY 

Not only does distilled water take away the irritability of NiteUa 
but it also changes its behavior toward potassium. In normal cells 
potassium is strongly negative to sodium but after sufficient exposure 
to distilled water this effect disappears. It can be restored by return¬ 
ing the cells to their normal environment or to a suitable nutrient 
solution. This change in the protoplasm seems to be chiefly in its 
outer surface. 

® C/. Osterhout, W. J. V., Biol. Rev., 1931, 6, 369. 

* The cells used in the experiments may be mature or nearly so and hence need 
not be actively growing. 
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III. The Effects of Ammonu 
By L. R. blinks 

{From the Laboratories of The Rockefeller Institute for Medical Research) 
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The large potential difference measurable across the protoplasm of 
impaled multinucleate cells of the alga Halicystis has been described 
in preceding papers.^-* This is called “protoplasmic” since it is, to a 
large extent, independent of concentration gradients between sea water 
and the vacuolar sap. Thus a large p.d. persists when natural or 
artificial sap is applied externally, both in the species containing much 
KCl and in that containing little. Dilution and concentration of the 
sea water, or of many of its constituents, provided a reasonable phys¬ 
iological balance of salts is maintained, also have little effect, after 
certain transient changes have occurred. However, such applications 
at the outer surface may not immediately affect potentials at the 
inner surface, or within the protoplasm itself. To study these, 
internal changes must be produced. The effect of naturally differing 
cell saps on the vacuolar surface has already been noted.* There 
remain as experimental changes: (1) direct alteration of the cell 
sap by injection or perfusion; (2) the penetration of substances into 
the cell from the sea water. 

Both of these methods have been employed, with marked effects 
upon the observed p.d. The results with ammonia, representing the 
penetration of a substance into the cell, are reported in the present 
paper. Being technically simpler to produce than the changes by sap 
perfusion, they were completed first. The results, however, are in¬ 
herently more complex, since they involve not only the changes 
known to occur in the sap, but also unknown changes in the proto¬ 
plasm across which the ammonia must pass to reach the vacuole. 
Some of the results of direct perfusion which bear upon the interpre- 

‘ Blinks, L. R., J. Gen. Physiol., 1929-30, 18, 223. 

* Blinks, L. R., J. Gen. PhysM., 1932-33, 16, 147. 
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tation are therefore indicated, as in the paper on the effects of KCl.^ 
More complete description of the technique of perfusion and the prin¬ 
cipal results will appear in a forthcoming paper. 

Methods 

The cells were held rigidly between a glass ring below, and a glass tube, con¬ 
stricted to a capillary, inserted into the cell from above, as in Fig. 1. The tube 
and capillary, filled with artificial sap, formed the circuit from the vacuole to a 
KCl-agar bridge, communicating with a saturated KCl-calomel electrode. Ex¬ 
ternal solutions were changed without disturbing the cell by replacing vessels 
from below, or directing a stream of solution on the tube a short distance above the 
cell. This flowed down the tube and over the cell, dropping off below, making 
contact with a second KCl-agar bridge opening just beside or below the cell. A 
second saturated KCl-calomel electrode completed the electrical circuit to the 
measuring instruments, a potentiometer and galvanometer. The latter could be 
employed without prejudice to the results, since it was found that Ualicystis 
cells can withstand quite appreciable current drain without decrease of potential. 
Except during rapid changes of p.d., however, the circuit was kept compensated 
and no current passed through the cell. No different results were found when a 
vacuum tube electrometer, or a Compton electrometer, was used as a nullpoint 
indicator. Points of balance could easily be obtained at 15 second intervals; 
usually 1 minute intervals were adequate to follow the changes here described. 

The potential plotted is that of the outer surface or solution (usually sea water). 
When this is positive, the positive current tends to flow outward across the proto¬ 
plasm to the measuring instrument; when negative, it tends to flow inward. The 
positive sign is below the zero line, in conformity with the convention for Valonia 
and Nitella in this laboratory. This is the reverse of the plotting in the first paper^ 
of this series, but is followed in subsequent articles. 

pH values of sap and sea water were determined colorimetrically with allowance 
for salt errors, the buffers used for comparison being checked with the quinhydrone 
electrode below pH 8.0. Ammonia estimations in the sap were made by Nessler 
test. The ammonia content of the sea water was regulated by adding measured 
quantities of NH 4 CI from a stock solution for each experiment, observing, and if 
necessary adjusting, the pH (by adding NaOH or HCl). 

Sap was withdrawn from the cells by inserting a glass tube drawn into a fine 
point, rinsing and wiping the cells well to avoid contamination from sea water. 
The pH, determined directly in these tubes, with a minimum of exposure to air, 
was found to be very much lower than originally reported by Blinks and Jacques;* 


^Ualicystis OslerhotUiiy described by Blinks, L. R., and Blinks, A. H., Bull. 
Torrey Bot. Club^ 1950-31, 67, 389; sap analysis by Blinks, L. R., and Jacques, 
A. G., /. Gen. Physiol., 1929-30, 13, 733. 
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namely, S.O instead of 6.1. The earlier determination was on a large mixed sample 
extracted from many cells and exposed to the air during collection. Hollenberg^ 
found the sap of H, ovalis to have a pH of 5.4; Hdicystis sap is thus considerably 
more acid than that of Valonia. 

The temperatures varied from winter values of 18®C. to summer ones of about 
25°C. This variation had very little effect upon the p.d. across the protoplasm 
at the different times, the summer values averaging possibly a millivolt or two 
lower than the winter ones. There may be other reasons for this, such as the onset 

KCl-agar bridge 



Fig. 1. Diagram of arrangement for holding impaled cells of Hdicystis^ with 
connection to calomel electrodes. 

of the reproductive period in the summer. The variation of temperature in a 
single experiment was seldom more than 1®C. 

Variation of illumination has also small effect upon the normal potentials, 
which hold up for several days in complete darkness. In the presence of NH4CI 
in the sea water, however, illumination has a perceptible or even very marked 

^Hdicystis ovdis, morphology treated by Smith, G. M., in Contributions to 
marine biology, Stanford University Press, 1930, 222. Sap analysis by Brooks, 
S. C., Froc. Soc. Exp. Biol, and Med.^ 1929-30, 27, 209; Hollenberg, G. J., J . Gen. 
Physiol., 1931-32,16, 651. 
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effect under proper conditions. In ordinary diffuse north light of the laboratory 
this was negligible, but on bright days, passing clouds often changed the p.d. 
appreciably. This is evidently due to the photosynthetic extraction of COj 
from the sea water around the cell, raising the pH and so influencing the dissocia¬ 
tion of ammonia. It is hoped to study this effect more fully, as a sensitive elec¬ 
trical indicator of photosynthesis. 

The results with Halicystis Osterhoutii,^ of Bermuda, are chiefly described in 
the present paper, since it is with this species that the experiments with sap per¬ 
fusion have been performed. It is also perhaps of greater intrinsic interest, since 
its cell sap differs so slightly from the sea water; the potential is therefore almost 
entirely protoplasmic, and not enhanced by a KCl gradient.^ In a few cases, the 
almost identical results obtained with H. ovalis* of California, will be referred to. 
The chief difference is the usually higher threshold of NH4CI necessary for poten¬ 
tial reversal in the latter species. 

The Reversal of P.D. by Ammonia 

The normal concentration of total ammonia (NH+i -f NHaOH -f 
NHs) in Bermuda sea water is below 0.00001 m. Up to about 0.0001 
M NH4CI may be added, at the normal pH, 8.1, of the sea water, with¬ 
out appreciable effect upon the p.d. across the protoplasm of Halicystis 
Osterhoutii which averages remarkably close to 68 mv., outside posi¬ 
tive.* But at a threshold varying between 0.0005 m and 0.002 m, 
often at about 0.001 m NH4CI, a striking change occurs. The p.d. 
rapidly reverses, to about 30 or 40 mv. negative, and remains reversed 
(with fluctuations) as long as the exposure to the ammonia continues. 
Higher concentrations increase the negative p.d. somewhat; a return 
to ordinary sea water causes recovery of positivity. The entire 
process is completely reversible, and may be repeated almost without 
limit if the ammonia exposures do not last too long; e.g., more than 
an hour or two at a time. 

A characteristic time curve of the reversal and recovery process at 
about the threshold concentration of NH 4 CI is shown in Fig. 2. When 
the ammonia is first applied there is a small notch or cusp (a), during 
which the p.d. decreases a few millivolts, then recovers nearly to its 
original value (i»). Here it remains a few minutes, then begins to 
decrease slowly to about 40 mv. positive. After this the decrease 
becomes much faster and the p.d. rapidly reverses (c) to about 40 mv. 
negative. At this point there almost invariably occurs a reverse cusp 
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(d), then a return to an irregularly wavering negative value (e). When 
ordinary sea water is again replaced, a positive p.d, is quickly re¬ 
covered (f), usually with a period of enhanced positivity (g) up to 75 
mv. or more, before the normal value (h) is regained. 

Fig. 2 is entirely typical of dozens of observed reversals at about the 
threshold concentration of NH4CI. The actual speed of reversal 
(and the negative p.d. attained) varies somewhat from cell to cell. 



Fig. 2. Time course of p.d. change in cell of Halicyslis Osterhoutii exposed to 
sea water containing 0.001 u NH 4 CI at pH 8.1. Arrows indicate change of 
solution. 


as does the threshold itself. When higher concentrations of NH4CI 
are applied, the reversal becomes much quicker, as shown in Fig. 3. 
The curve becomes very abrupt and almost rectangular at high con¬ 
centrations; the reversed p.d. may also become temporarily as high 
as 90 to 100 mv. negative; i.e., about as high, although with reversed 
sign, as the greatest positive values so far produced (with alkaline sea 
water). Usually, however, the negative p.d. does not greatly exceed 
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70 mv., again about the average for the positive values in normal sea 
water. 



Fig. 3. Time course of p.d. change in cells of Halicystis Osterkoulii exposed to 
the indicated concentrations of NH<C1 in sea water at pH 8.1. The rise becomes 
much more abrupt with increasing concentrations. The recovery curves in 
normal sea water are omitted to prevent overlapping but closely resemble the 
recovery in Fig. 2. Arrows indicate the appication of sea water containing 
ammonia. 


The Relation of NHtCl Concentration to P.D. 

It is evident that although the p.d. has a very definite relation to 
the NHiCl concentration in the sea water, it is distinctly not pro¬ 
portional, but rather in the nature of an “all or none” response: 
below a critical concentration, there is very little change of p.d.; at 
the threshold a reversal amounting to a change of 100 mv. or more; 
and then again above the threshold only relatively small increases 
of P.D. This is shown for a single cell with a series of increasing con¬ 
centrations in Fig. 4. Furthermore when the concentrations are 
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decreased, it is seen that the threshold for recovery is at a lower NH4CI 
concentration than for original reversal. Thus the reversed potential 
is maintained with only half the NH4CI concentration necessary 
originally to cause reversal; only at about one-fourth of the original 
threshold value is the positive p.d. recovered, and then with a slower 
curve than in ordinary sea water. 



Fig. 4. Time course of p.d. change in cells of Halicystis Oslerhoutii exposed to 
sea water at pH 8.1 containing first increasing and then decreasing concentrations 
of NH4CI. Curve A is for concentrations below the threshold (in this case below 
0.001 m), Curve B shows the reversal of p.d. at 0.001 m and the effect of successively 
doubled NH4CI concentrations, followed by halving to 0.0005 M. Curve C shows 
recovery of positive p.d. at 0.0002 m NH4CI. Arrows indicate change of solution. 

This is something in the nature of hysteresis, giving two curves, 
one for increasing, the other for decreasing NH4CI concentrations. 
For the reversed p.d. there are also two points, at least, for each NH4CI 
concentration: the maximum reached first on reversal, before the cusp 
(d of Fig. 2) and an average of the wavering plateau (c). No single 
curve of p.d. against NH4CI concentration can thus be plotted. There 
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are three which could be used: (^4) the highest values reached during 
increase of concentration; (B) the lowest values reached during in¬ 
creased concentrations; and (C) the steady values reached after de¬ 
creased concentrations. The latter are probably the most reliable 



Cone. in eea wetter, pH 8.1 

Fig. 5. Values of p.d.’s reached in Fig. 4 plotted against concentrations of NH4CI 
in sea water at pH 8.1. The concentrations are on a logarithmic scale, each point 
representing a doubling of the previous concentration. Curve A is constructed 
from the mai^imum values (upward cusps) reached on each increase of concen¬ 
tration; Curve Bj the minimum (usually downward cusps) following each increase; 
and Curve C the steady values reached after each decrease of concentration. The 
last are probably the most reliable values. The lag or hysteresis of threshold 
between increase and decrease of concentrations is to be noted. Upward arrows 
indicate the series with increasing concentrations of NH4CI; the downward 
arrow that with decreasing concentrations. 

values. All of these are plotted, for the cell of Fig. 4, in Fig. 5. Such 
a plot for a single cell is more significant than an average or composite 
plot for many cells, as showing more sharply the reversal at a critical 
concentration. It is, moreover, quite characteristic for any other 
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cell, with a slight shift of the critical concentrations and of actual 
P.D. values. 

The Relative RSks of Ammonium Ions and Undissociated Ammonia 

It might be concluded from Fig. 5 alone that we are here dealing 
with no ordinary ionic concentration effects, so different is this rela¬ 
tion from the usual one relating p.d. to salt concentration, i.e. in 
straight logarithmic ratio {cf. Damon’s results with Na and K in 
Valonia^). There is, however, still more direct evidence as to the 
slight effect of ammonium ions on the p.d. of Halicystis. The basic 



Fig. 6. Change of p.d. across protoplasm of Halicystis Osterhoutii showing effect 
of change of pll. In A reversal of p.d. occurring with 0.001 m NH4CI at pH 8.1, 
is inhibited by lowering the pH to 6, and positive p.d. regained. In B 0.0001 m 
NH 4 CI is insufficient to cause reversal at pH 8.1, but is effective when the pH is 
raised to 10.3. Recovery of positive p.d. then occurs when pH is again lowered 
to 8.1. ArroWs indicate change of solutions. 

dissociation constant® of ammonia being approximately am¬ 

monium salt will be 50 per cent dissociated at pH 9.3. At the ordinary 
pH of sea water, 8.1, it will therefore be over 95 per cent dissociated, 

® Damon, E. B., /. Gen. Physiol., 1929-30, 13, 445; 1932-33, 16, 375. 

® This is the value commonly assumed for the dissociation constant of ammonia 
in dilute solution. The greater ionic strength of sea water will tend to increase 
the ionization of ammonia, but the change was found (Cooper, W. C., Jr., and 
Osterhout, W. J. V., J. Gen. Physiol, 1930-31,14, 117) to be slight, shifting the 
p/Co 6 from 9.3 to 9.5. This, as well as the difference between concentrations 
and activities of the substances concerned, may be neglected for the purposes in 
hand. 
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and at pH 5, nearly 100 per cent dissociated. For a given NH4CI 
concentration the concentration of ammonium ions will be increased 
about 5 per cent when sea water is acidified from pH 8.1 to pH 5; 
but the concentration of undissociated ammonia (NH3 or NH4OH) 
will be 1000 times as high at pH 8 as at pH 5, and at pH 10.3 will be 
over 100 times as great as at pH 8.1. Changing the pH over this 
range with definite NH4CI concentrations should therefore give in¬ 
formation on the relative rdle of ammonium ion and undissociated 
ammonia. Two such experiments are shown in Fig. 6 . When re¬ 
versal is obtained with 0.001 m NH4CI at pH 8.1, lowering the pH to 



Fig. 7. Variations of p.d. across the protoplasm of Halicystis Osterhoutii. Sea 
water of pH 5 is first applied, producing a characteristic cusp. Sea water con¬ 
taining 0.1 M NH4CI at pH 5 is then applied. There is no reversal of p.d. pH 5 
sea water and pH 8 sea water then follows, with positive p.d. throughout. Arrows 
indicate change of solution. 

6 causes recovery of positive values; conversely when 0.0001 m NH 4 CI 
is applied at pH 8.1 it is insufficient to cause reversal, but if the pH is 
raised to 10.3 good reversal occurs. The relative inactivity of am¬ 
monium ions in altering the p.d. of Halicystis is perhaps most strik¬ 
ingly seen in Fig. 7. Here the sea water (without NH 4 CI) was first 
ad^ed to pH 5, giving a typical cusp, presumably due to the diffusion 
of hydrogen ions into the protoplasm. Then 0.1 m NH 4 CI in sea water 
of pH 5 was substituted; the additional effect is very slight and re¬ 
versal does not occur. Indeed, concentrations of NH 4 CI as high as 
0.5 M, i.e. NH 4 CI entirdy substituted for NaCl in van’t Hoff arti¬ 
ficial sea water, at pH 5 have been applied to some cells of rather 
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high threshold without reversing the p.d. On the other hand the 
threshold at pH 10.3 lies between 0.00005 and 0.0001 m NH4CI. Since 
at this pH 95 per cent of the ammonium salt is present as undisso¬ 
ciated ammonia these concentrations may be taken as essentially the 
actual threshold values for NH 3 (or NH4OH). They are in good agree¬ 
ment with the values at pH 8.1 where only about 1/20 as much un¬ 
dissociated ammonia exists, and the threshold of total NH4CI con¬ 
centration lies between 0.001 and 0.002 m; f.e., about 20 times as 
high. We may conclude that the reversal of potential depends upon 
the concentration of undissociated ammonia rather than that of 
ammonium ions in the sea water applied to the cells. But it is again 
not proportional to such ammonia; for the threshold “all or none” 
effect still holds. We must therefore ask what internal changes may 
be produced by the entrance of imdissociated ammonia, which might 
account for the abrupt reversal of p.d. at a particular NH3 concen¬ 
tration. 


Internal Effects 

The ease with which ammonia enters living cells is one of the well 
established facts of permeability studies.^ Not only its tendency to 
enter more at high pH values, but its observed effects (increase of 
internal pH in the cell) indicate that it enters as base (NH4OH) rather 
than as salt (NH4CI), and probably as undissociated ammonia (NHs) 
although it could of course enter as the ion pair (NH4) and (OH). 
Halicystis shows no exception to this tendency; with the increase of 
undissociated ammonia in the sea water applied to cells, both the pH 
and the ammonia content of Halicystis sap increase. 

(o) Increase of Ammonium Salts. —It seems unlikely that the in¬ 
crease of ammonium salts as such in the cell produces the observed 
effect on p.d. If the p.d. were due to the mobility of ammonium 
ions it is difficult to imagine any mechanism or system which would 
give rise at the threshold to any very sudden increase of ammonium 
inside (necessarily nearly 50-fold to give 100 mv. potential change). 
Nor is such a sudden rise detected in the sap. Instead, the total 
ammonium increases in a regular manner, apparently much as in 

’’ Cf. Cooper and Osterhout,* and previous experiments of others cited in foot¬ 
note 2 of their paper. 
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Vdonia.^ Significant figures for the increase in HdicysHs cannot be 
given, because in the cells available for such experiments a considerable 
and variable amount of ammonium salt (up to 0.005 or even 0.01 M 
by Nessler test) was already present in the sap,* rendering any ac¬ 
cumulation study uncertain. But this natural presence of ammonium 
salts in the sap is in itself an indication that ammonium ions are not 
concerned in the reversal. If it be assumed that the p.d. suddenly 
reversed above a critical concentration of ammonium salt in the sap, 
this should occur sooner, and at a lower threshold concentration of 
NH4CI outside, in those cells already containing considerable am¬ 
monium. This is not the case, the threshold being no lower for such 
cells than for those containing little or no ammonium. If anything, 
it is a little higher. 

Finally, the ammonium salt content of the sap may be experi¬ 
mentally increased, by the method of vacuolar perfusion which will 
be described in a later paper. Concentrations of NH4CI as high as 

O. 1 M or even 0.5 m have been thus produced in the sap, without caus¬ 
ing a reversal of potential, as long as the normal pH of the sap was 
maintained. In fact the positive p.d. was slightly increased, as with 
perfusion of KCl.* p.d. reversal does not therefore seem to be due to 
the increase of ammonium ions in the sap. 

(b) Increase of pH .—^At first glance, the S shape of the NH4CI- 

P. D. curve (Fig. 5) suggests that it might be explained as an electro- 

* In this respect these cells differed remarkably from those used for the sap 
analysis previously reported (Blinks and Jacques*) which showed practicaUy no 
ammonia. The reason for this is apparently the age and condition of the cells. 
Those used for the previous sap analyses were all very young, small cells collected 
early in the spring before reproduction bad occurred and probably of the same 
year’s growth. Those available for the present work were collected later in the 
spring, and in the fall, and had all undergone several or many reproductive periods. 
In this species the gametes are frequently not discharged normally to the exterior, 
but escape into the vacuole, where they swim for a while in the sap, then sink to 
the bottom in a dark mass.* This mass apparently breaks down, with ammonia 
as one of its products, since cells containing such masses almost invariably have 
ammonia in the sap. The presence of this ammonia seems in no way toxic; cells 
from cultures containing it have lived normally in the laboratory for well over a 
year, growing greatly in size, and reproducing again in the spring at exactly the 
same day as freshly collected cells (although entirely isolated and without change 
of sea water for months). 
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metric titration curve, on the assumption that the inner surface of 
the protoplasm acts like a hydrogen electrode or is a membrane like a 
glass electrode, responding directly by changes of p.d. to changes of 
pH produced by the entrance of ammonia. Each increase of NHa 
outside might be like an increment of base in a titration, entering and 
neutralizing a certain portion of the cell’s acids. The great change 
of P.D. at the reversal point would correspond to the neutralization 
point, the flatter ends to the smaller changes of pH at either side of 
neutralization. 

Similarly, on this assumption. Fig. 2 could be interpreted as the 
time course of such a titration performed with a regularly increasing 
amount of base—in this case the NHs diffusing constantly into the 
cell as a result of its concentration gradient. 

However, neither theory nor facts bear out this suggestion. In the 
first place we are not performing a titration when we increase the 
concentration of NH4CI in the sea water. We are correspondingly 
increasing the concentration of undissociated base but the total amount 
depends on the volume of sea water. In these experiments this 
volume is so much greater than that of the cells that it may be con¬ 
sidered infinite; the sea water is also renewed from time to time, or a 
constant flow is maintained. Therefore at any given concentration 
NH3 will continue to enter the cell until its activity is as great inside 
as outside. In both sap and sea water the equilibrium formula for 
this would be 

(Hw . (0 

Kb 

or 

log (NH.) - log (NH^) + pH - pKai (2) 

where (NH4+) is the activity of ammonium salt or ions; and pKa 
(= pK„ — pKb) for ammonia* lying at pH 9.3. For any constant 
(NH«) concentration, therefore: 

pH oc log (NH,). (3) 

In other words, when log (NHs) increases in the sap, the pH will rise 
proportionally. 

The experiments are in good agreement with this expectation. 
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Fig. 8 shows the actual course of pH change in the sap of Halicystis 
cells exposed to varying concentrations of NH4CI over the range well 
above and below the reversal threshold. For each concentration of 
NH4CI the pH of the sap rises to a nearly constant value during the 
course of 60 to 120 minutes.* When the constant or apparent equilib¬ 
rium pH value is plotted against the log of outside NH4CI concen¬ 
tration (or NH3, taken as 5 per cent of NH4CI at pH 8.1) the essen¬ 
tially straight line of Fig. 9 results. 

The plot does not have the full proportionality of 1 to 1 demanded 
by Equation 2, but is more nearly 4 to S, the pH of the sap not in- 



Fig. 8 . pH of extracted sap of Halicystis OsterkoiUii after exposure of cells to 
indicated concentrations of NH4CI (from 0.0001 m to 0.01 11 ) in sea water of pH 
8.1. Determinations of pH were made colorimetrically with Clark and Lubs 
indicators corrected for salt error. 

creasing as fast as the NH» outside. Several factors might contribute 
to this. Probably the sampling of the whole sap, even after 2 hours’ 
penetration of NHs, does not tnily represent the pH just within the 
protoplasm, which really governs the equilibrium; the same applies to 
the supposed pH of the sea water just outside the cell. The NH 3 

* There is a corresponding reversal of the pH change when cells are replaced 
in normal sea water. In a very regular time course the original low pH is regained 
although somewhat more slowly than the rise to higher values. This slower 
exit may acooimt for the apparent hysteresis in the recovery of p.o. 
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in entering the cell must leave a more acid region of sea water just 
outside the protoplasm; with the best of stirring this would probably 
extend the thickness of the cell wall, and therefore decrease the outside 
NHj concentration. These combined effects, more acid sea water 
outside, more alkaline sap inside, than are shown by the gross deter¬ 
minations, would greatly reduce the supposed gradients. The in¬ 
fluence of such unstirred films on accvunulation has been pointed out 
by Osterhout.‘® 

Another factor which might make the pH rise less than expected 
would be an increase of (NH4+); this would cause (NH*) to reach 



Cone NH 4 CI in eea water, pH 6.1 

Fig. 9. pH of sap at “equilibrium” or steady values reached in Fig. 8 plotted 
against NH«C1 concentrations in sea water (on logarithmic scale). 

equilibrium at a lower pH, in accordance with equation (2). Pre¬ 
sumably NHs would combine with acid when it entered the sap, and 
with a given concentration of acid, the amount of NH 4 '*' formed could 
be calculated from equation (2) by the deviation of expected from 
observed pH, at equilibrium. Since there is already a large amount 
of ammonium salt in the sap of these cells, the relative amount of its 
increase is evidently not great, or there would be larger deviations 
than those found. 

However, we are probably not dealing with equilibria, nor with 
concentration gradients alone. The continuous production of acid 

“Osterhout, W. J. V., Gm. Physiol., 1932-33,16, S29. 
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by the cell tends to keep down the internal pH, and this may be 
stimulated to an even higher rate by the entrance of ammonia. Such 
a compensation has been reported by Cooper and Osterhout* in the 
case of Valonia, where the pH of the sap eventually fell from its first 
high value, over longer periods in the presence of ammonia. In 
HalicysHs there is evidence of an even prompter response of this sort, 



Fig. 10. Variation of f.d. in Halicystis ovalis showing extreme exaggeration 
of the cusp on reversal (with 0.004 M NH 4 CI in sea water at pH 8.1), causing only 
temporary reversal, followed by recovery of positivity. This may be due to a 
gush of acid production by the cell, compensating the rise of pH caused by entering 
NH 3 . Arrows indicate change of solution. 

possibly accounting for the temporary lag of pH rise between 20 and 
30 minutes exposure to ammonia, shown in Fig. 8; for the cusp fol¬ 
lowing P.D. reversal (Figs. 2 to 4); and finally for the positive over¬ 
shooting which occurs in the recovery from ammonia exposures 
(Fig. 2). All of these could be accounted for by a compensatory gush 
of acid production following the rise of pH produced by the entrance 
of NHs. This would no doubt occur in the protoplasm rather than 
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in the sap, and it might be in the nature of glycolysis, rather than of 
increased respiration. An extreme case of its possible effect is shown 
in Fig. 10 (for H. ovalis) where some such influence caused complete 
recovery of p.d. after a brief reversal, a lasting reversal occurring 
only at the next higher NH4CI concentration. The almost invariably 
occurring cusp {d of Fig. 2) might be taken as an incomplete response 
of this sort, but insuflicient to cause complete recovery 

Some of these relations are of more interest from the viewpoint of 
salt accumulation than of potential difference. They are discussed 
at this length not so much for their bearing upon the pH and salt 
concentration in the sap, which is after all accessible both to analysis 
and to direct alteration in vivo, but rather as showing how any aqueous 
phase, separated from the sea water by a non-aqueous phase per¬ 
meable to NH3, might be expected to behave. The actual pH values 
of aqueous phases in the protoplasm we cannot directly determine, 
but if the sap can in any way be taken as representative, such pH will 
depend upon the original amount of ammonium salts and the buffer 
capacity of those phases when further ammonia enters. When the 
sap pH is 6.1, the pH of any given aqueous phase of the protoplasm 
may not be 6.1, probably is not. But we may be reasonably sure that 
it will bear some regular and probably linear relation to the NHs 
outside, and hence also to the NH 3 and to the pH of the sap. 

Fig. 11, a combination of Figs. 5 and 9, siunmarizes at a glance the 
relation of the change in sap pH, which is proportional to log (NH4CI), 
or log (NH3), in sea water; and the P.D., which passes through an 
abrupt inflection when the sap pH increases from 6.0 to 6.5. 

We may now ask if in practice, such a change of pH could give rise 
to the S-shaped p.d. curve. The answer, based upon perfusing new 
solutions directly through the vacuole, is in the affirmative. When 
freshly extracted natural sap is made more alkaline, e.g. brought to 

**The cusps might be interpreted as the somewhat similar ones caused by 
applying KCl to Valonia were interpreted by Damon:* as due to an advancing 
concentration boundary striking a surface of the protoplasm and then passing 
across it. Such an ammonium ion boundary might be formed within the proto¬ 
plasm, due to the entrance of HN 3 , but the absence of very large ammonium ion 
effects either on the outer or vacuolar surface of the protoplasm seems to rule out 
this explanation. 
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pH 7 or 8 by the addition of a trace of NaOH, and then perfused into 
the vacuole of an impaled cell, practically the same results are ob¬ 
tained as when NH4CI above threshold concentrations is applied 
outside. The p.d. rapidly reverses from positive to negative, and 
stays reversed as long as the pH is kept this high. But since natural 
sap contains, as we have seen above, varying amounts of ammonium 
salt (often well above 0.001 m, the average outside threshold) NHa 
might have passed out from the sap into the protoplasm when the 
pH was raised, and produced its effects within the protoplasm exactly 


-log NH3 in S.W. and sap 
5.5 5D 4.0 as iO 



Cone. NH 4 CI in sea water, pH 8.1 

Fig. 11. Combined plot of the relations between concentration of NH4CI in 
sea water, log (NH3) in sap and sea water, pH of sap, and p.d. across protoplasm 
of Hdicystis Oslerhoulii. The abrupt inflection of the p.d. curve is seen to be 
reflected in none of the other variables. 

as if derived from the sea water. Fortunately it was eventually found 
possible to perfuse artificial sap and even sea water through the 
vacuoles. The p.d. remained positive and nearly normal as long 
as these were maintained at pH 5; and they could be circulated for an 
hour or more, in order to make sure that most of the original sap had 
been washed out, with its ammoniiun salt. Then when more alkaline 
artificial sap or sea water was perfused, the t 3 T)ical reversal of p.d. 
still occurred. Furthermore, the pH at which the reversal occurred 
coincided remarkably well with that produced inside by the applica- 




L. R. BLINKS 


127 


tion of threshold concentrations of NH4CI outside; namely, between 
pH 6.0 and 6.5. Thus in one case the p.d. stayed normally positive 
with perfusion of sea water buffered at pH 6.0, but reversed with con¬ 
tinued perfusion at pH 6.2. The ammonia effects seem therefore to 
be accounted for, qualitatively at least, by the pH change occurring 
in the sap. A complete description of these perfusion experiments, 
and a discussion of the possible systems upon which such a change of 
pH might operate to reverse the potential, will appear in a forthcoming 
paper. 


SUMMARY 

The nature and origin of the large “protoplasmic” potential in 
Halicystis must be studied by altering conditions, not only in external 
solutions, but in the sap and the protoplasm itself. Such interior 
alteration caused by the penetration of ammonia is described. Con¬ 
centrations of NH4CI in the sea water were varied from 0.00001 M 
to above 0.01 m. At pH 8.1 there is little effect below 0.0005 m 
NH4CI. At about 0.001 m a sudden reversal of the potential difference 
across the protoplasm occurs, from about 68 mv. outside positive to 
30 to 40 mv. outside negative. At this threshold value the time curve 
is characteristically S-shaped, with a slow beginning, a rapid reversal, 
and then an irregularly wavering negative value. There are charac¬ 
teristic cusps at the first application of the NH4CI, also immediately 
after the reversal. 

The application of higher NH4CI concentrations causes a more 
rapid reversal, and also a somewhat higher negative value. Con¬ 
versely the reduction of NH4CI concentrations causes recovery of the 
normal positive potential, but the threshold for recovery is at a lower 
concentration than for the original reversal. A temporary overshoot¬ 
ing or increase of the positive potential usually occurs on recovery. 
The reversals may be repeated many times on the same cell without 
injury. 

The plot of P.D. against the log of ammonium ion concentration is 
not the straight line characteristic of ionic concentration effects, but 
has a break of 100 mv. or more at the threshold value. Further 
evidence that the potential is not greatly influenced by ammonium 
ions is obtained by altering the pH of the sea ^ater. At pH 5, no 
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reveml occurs with 0.1 m NH4CI, while at pH 10 . 3 , the NH4CI thresh¬ 
old is 0.0001 M or less. This indicates that the reversal is due to 
undissociated ammonia. 

The penetration of NH3 into the cells increases both the internal 
ammonia and the pH. The actual concentration of ammoniimx salt 
in the sap is again showm to have little effect on the p.d. The pH is 
therefore the governing factor. But assuming that NH* enters the 
cells until it is in equilibrium between sap and sea water, no sudden 
break of pH should occur, pH being instead directly proportional to 
log NHs for any constant (NH4) concentration. Experimentally, a 
linear relation is found between the pH of the sap and the log NH* 
in sea water. The sudden change of p.d. must therefore be ascribed 
to some system in the cell upon which the pH change operates. The 
pH value of the sap at the NHj threshold is between 6.0 and 6.5 which 
corresponds well with the pH value found to cause reversal of p.d. 
by direct perfusion of solutions in the vacuole. 



THE INACTIVATION OF BACTERIOPHAGE BY MERCURY 
BICHLORIDE; THE REACTIVATION OF BICHLORIDE- 
INACTIVATED PHAGE 


By A. P. KRUEGER and D. M. BALDWIN 
{From the Department of Bacteriology, University of California, Berkeley) 

(Accepted for publication, July 16,1933) 

There are at the present time two schools of thought with reference 
to the nature of bacteriophage. One group, championed chiefly by 
d’Herelle and Burnet, considers phage to consist of living “corpuscles,” 
while the other group views the lytic principle as partaking of all the 
major characteristics of an enzyme. 

A study of the kinetics of the bacteriiun-bacteriophage reaction by 
Krueger and Northrop (1, 2), together with additional data reported 
by Krueger concerning first, the sorption of bacteriophage by living 
and by dead bacteria (3) and second, the heat inactivation of bacterio¬ 
phage (4), gave indirect information tending to support the enzyme 
concept of phage. During further experimental work one of us 
(A. P. K.) on several occasions noted apparent significant reversals 
of phage inactivation. These data were interpreted as indicating 
either the independent multiplication of residual active phage in the 
absence of growing bacteria—^a phenomenon not hitherto proven to 
occur—or the reactivation of inactivated phage, a reaction common to 
many enzymes. The present paper details experiments undertaken 
to investigate the inactivation of antistaphylococcus bacteriophage 
by HgClj and the reversal of the process. 

Methods 

An antistaphylococcus phage and a single strain of S. aureus described in 
previous papers were used (1-6). The medium was beef infusion broth containing 
1 per cent peptone, 0.5 per cent sodium chloride, adjusted to pH 7.6. All phage 
titrations were performed according to the method described by Krueger (5, 6). 

The titration procedure rests upon the observation that the time of lysis in a 
standard bacterial suspension under standard conditions is a function of [P]., 
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the initial concentration of phage. Since the initiation of lysis depends upon the 
attainment of a critical P/H ratio and since also dP/dt oc C X dB/dt, it is clear 
that any possible inhibition of bacterial growth by HgCk in the titration set-up 
must be ruled out. As a means of determining the optimal dilutions for phage 
titration the growth of the bacterium in broth to which had been added various 
amounts of HgCl 2 was followed. It was found that a concentration of 1:10,000,000 
of HgCl 2 exerted no measurable inhibition on the growth of the organism. Con¬ 
sequently throughout the experiments the phage determinations were carried out 
with dilutions containing 1:10,000,000 or less of HgCl 2 . 

/. The Inactivation of Phage by UgCh> —5 nJ. of 1:5,000 HgCk were added to 
an equal volume of standard phage containing 1 X 10'® activity units per ml. 
The mixture was maintained at 22°C. and samples for phage titration were removed 
at intervals; they were at once diluted 1:1,000 with broth. 

2. The Reversal of Phage Inactivation by HgCk. —5 ml. of standard phage were 
mixed with 5 ml. of 1:5,000 HgCU. The mixture was kept at 22°C. for 0.5 hour 
at which time samples were secured for titration of the residual active phage and a 
1 ml. sample was taken for the reversal procedure. This last was mixed imme¬ 
diately with 1 ml. of a saturated solution of H 2 S in water and was set aside for 12 
minutes. It was then centrifuged at high speed to remove the fine precipitate of 
HgS. The supernatant was pipetted off, thoroughly aerated until free from H 2 S, 
and diluted for the phage titration. 

Controls consisted of: (a) phage diluted with 1:10,000,000 HgCU to check any 
possible effect of this concentration on the titration results, and (b) phage exposed 
to the H 2 S and aerated as was done with the reversed fraction. 

EXPERIMENTAL RESULTS 

1. Inactivation of Phage. —Fig. 1 is a composite plot of the results 
obtained in a series of experiments on the inactivation of phage 
by HgCb at 22°C. The inactivation proceeds logarithmically with* 
time and is therefore a pseudomonomolecular reaction with one 
reactant (HgCb) greatly in excess of the other, so that its concentra¬ 
tion remains practically constant throughout the experiment. 

The reaction may then be expressed as dP/dt = k [HgCb] [Po — P<] 
where 

P « bacteriophage in activity units, 

Po initial phage concentration, 

Pi - phage inactivated in time 
and [HgCbl ■■ concentration of bichloride of mercury. 

This, on integration, gives k = \/t [HgCb] • In Po/[Po — P%], It will 
be noted that in the plot of experimental data the curve does not 
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HOURS 

Fig. 1. Composite plot of logarithms of residual active phage units against time 
during HgCk inactivation of phage at pH 7.6 and 22®C. (three experiments). 
■ represents the common origin at ^ = 0 for all three initial phage concentrations. 


TABLE I 

Summary of Four Separate Experiments in All of Which Phage Was Inactivated 

with HgCli 

The initial [P] was 5 X 10®. In three cases reactivation following removal of 
Hg^^ with H 2 S restored the [P] to its original titre (100 per cent reversal). 


A 

B 

C 

D 

£ 

Inactivated phage 
1:10,000 HgCla 

O.S hour 

Reactivated 

phage 

As A. Followed 

Control 

1 X 10*® phage 
units -b HiS. 
Aerated till 
HtS-free 

Control 

1 X 10^® phage units 

Original phage 
present after 

by H|S. Centri¬ 
fuged. Aerated 
dll HaS-free 

titrated in presence of 
1:10,000,000 HgCla 

Inactiva¬ 

tion 

Reactiva¬ 

tion 

(1) 2.2 X 10» 

5.0 X io» 

9.0 X 10« 

Not included in this 

per cent 

4.4 

per cent 

100 

(2) 1.3 X 10* 

2.1 X 10» 

8,9 X 109 

experiment 

Not included in this 

2.6 

42 

(3) 6.3 X 10» 

5.0 X 10* 

1.0 X low 

experiment 

1.0 X low 

12.6 

100 

(4)2.5 X 10» 

5.0 X 10* 

1.0 X IQw 

1.0 X low 

5.0 

100 
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originate in the actual [P]o used. We have observed in the broth sus¬ 
pension of phage a faint, fine precipitate appearing at once upon the 
addition of HgCh. This precipitate develops in an identical fashion in 
plain broth and it seems likely that a certain amount of phage is carried 
down with it accounting for the immediate precipitous drop in [P]. 

2. Reactivation of Inactivated Phage .—Table I is a siunmary of four 
experiments in which standard phage was subjected to the action of 
HgClj for 0.5 hour. The Hg++ ion was then removed with H 2 S. In 
three of the four experiments reactivation was complete; that is, the 
final concentration of active phage was 100 per cent of that originally 
present before inactivation. In the fourth experiment the final phage 
titre was 50 per cent of [P],,. 


DISCUSSION 

The data given above show first that the inactivation of phage by 
HgClj follows the course of a pseudomonomolecular reaction, and 
secondly, that when the mercury ion is precipitated from the mixture 
an increase in [P] occurs. The increase in phage concentration after 
removal of the Hg ions with H 2 S may be explained in several ways. 

First, it is possible that in the presence of H 2 S, phage actually multi¬ 
plies. Such is probably not the case, however, for one of the few points 
concerning phage upon which agreement is general, is that growth of a 
susceptible organism conditions phage multiplication. There are no 
recorded critical experiments in the literature indicating that [P] can 
be increased by any other agency. Further, our controls exposed to 
H 2 S and aerated, as in the reversal series, exhibit, if anything, a slight 
decrease in [P]. 

Second, enough H 2 S may be left behind after aeration to exert a 
stimulating effect on bacterial growth, consequently shortening the 
time of lysis in the titration set-up and thereby effecting an apparent 
increase in the initial [P]. Here again, the H 2 S controls rule out such 
an occurrence for they too would exhibit this effect. 

One alternative explanation remains; namely, that HgCU inactiva¬ 
tion of phage is actually reversed by precipitation of Hg++ ions with 
H 2 S. This fits the observed data. 
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CONCLUSIONS 

1. The inactivation of antistaphylococcus bacteriophage suspended 
in infusion broth at pH 7.6 and 22®C. by HgCb proceeds according to 
the equation dP/dt = k [HgCb] [Po — over the range studied. 

2. This inactivation can be reversed by precipitation of Hg++ with 
H 2 S. In the present experiments the inactivation was carried out until 
only some 5 per cent of the initial phage remained active. After 
reactivation the [P] had increased to 100 per cent of the initial [P]. 
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THE EFFECT OF ULTRAVIOLET LIGHT ON PHOTO¬ 
SYNTHESIS 

By william ARNOLD 

{From the Laboratory of General Physiology, Harvard University, Cambridge) 
(Accepted for publication, July 18, 1933) 

I 

In studying the killing of small organisms by x-rays, a-rays, and 
ultraviolet light, a number of investigators (Crowther, etc. (1)) have 
found that the results could be most simply explained by the assump¬ 
tion that one quantum or one a-particle caused death by hitting a cell. 
These results are of interest for two reasons. First, quantum mecha¬ 
nisms may possibly exist in living material. Second, the method of 
studying small structures by their interaction with photons is not sub¬ 
ject to the limitations imposed on the microscopic method by the 
wave nature of light. (An example of this is DuMond’s recent 
investigation—by the Compton effect—upon the magnitude and dis¬ 
tribution of velocities of electrons inside the atoms of solid metals 
(DuMond (2)).) 

This paper has to do with the effect of the ultraviolet radiation (Hg 
2537 A) on the green alga Chlorella pyrenoidosa. However, death 
will not be used as an end-point because it might result from a number 
of different causes and is difficult to define and to test for. Instead, 
attention will be concentrated on some function of the cell—respira¬ 
tion, fermentation, or photosynthesis—on the assumption that the 
mechanism of that function is more uniform in its sensitivity to the 
radiation than are the cells themselves. The effect of the radiation on 
this function will be studied manometrically by the method described 
by Warburg (3) and Emerson (4). This method allows the use of a 
far larger number of individuals than can be used when counts must 
be made. One experiment involves ISO million cells, thus reducing 
the rdle of statistical variation to a minimum. 
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n 

The device for determining the number of quanta involved is as 
follows: 

One Quantum Hit 

K we have N individuals of Type A, one quantum can change an A 
to a B. 

A + *1- B; 

the rate of destruction of A is given by 

_ ^ = NQP (I) 

at 

where Q is the rate of absorption of quanta by one A. 



when 

I = light intensity 
n = absorption coefficient 
V — volume of A 

and P is the probability of an absorbed quanta effecting the change A 
to B. (P admits the possibility of an absorbed quantum not 
making a change in A.) 

The solution of equation (I) is— 

(n) 

No = number of A present before irradiation; 
t = time of irradiation. 

Equation (II) gives 



Plotting In (survival ratio) against time gives the graph shown 
in Fig. 1. The value of the slope will be —QP. 



WILLIAM ARNOLD 


137 



Time 

Fig. 1 

Two Quanta Hit 

If it takes two quanta to effect the change of A to B, we obtain: 

A + Ai- A' 

where A' cannot be distinguished by the experiment from A. 

A' + B 

B = the “killed” or inactive form of A. 

Q = the rate at which quanta are absorbed by one A or A'. 

P = the probability of a hit being effective. (It should be stated 
ithat P might be different for A and for A'.) 

Nt = number of units of A before irradiating. 

N1= number of units or(A + A') at any time. 
t = time of irradiation. ^ 

S = number of units of A at any time. 
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From equation (II) we have 

S N,e~ 
dN 

— — will be proportional to the number of A's present, that is, to 
at 

(N - S): 


- — ^ (N - S)J2 P QP (N - N.e 
at 



Time 

Fig. 2 


The solution is 

iV » «■ {QPNjt + O. (IV) 

N = No when t = zero, so that the constant C = No and 

N -QPI 
No “ ‘ 


(1 + QPOi 
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taking the log of each side we have 

In - - 0P< + In (1 + QPt). (V) 

Plotting In (survival ratio) against time, we have the curve given in 
Fig. 2. A comparison of Figs. 1 and 2 shows the possibility of deter- 



Fig. 3. ^ is the curve for respiration. Shows no effect. Pis the curve for photo¬ 
synthesis. It shows one quantum-to-kill type of effect. 

mining the number of quanta involved in the change from the shape 
of the curve for In (survival ratio) against time. As the number of 
quanta involved increases, the curves shift progressively to the right 
(Curie (1)). 

in 

For the experiments 5 mm.* (150 million) of Chlorella pyrenoidosa 
cells were suspended in 1.5 cc. of Warburg’s carbonate buffer (Mixture 
DC), (Warburg (3)), in a snmll quartz Warburg vessel. Photosyn- 
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thesis and respiration were measured as a function of the time of irra¬ 
diation. The cells were rayed in the vessel with the light from a 
quartz mercury tube. It is possible by electrodeless discharge in 
mercury vapor induced by a radio frequency coil (X = 3M.) to obtain 
light from 90 to 96 per cent monochromatic for the 2537 A line. 

When the In {survival ratio) for respiration and for photosynthesis 
are plotted against the time of irradiation we obtain the kind of result 
shown in Fig. 3. 

P, the probability of a hit being effective, may be determined from 
the following experiment. 5 mm.* of cells were used as before. The 
energy output of the ultraviolet tube was measured by Dr. F. L. Gates 


TABLE I 

The Effect of UUravioki Radiation on Photosynthesis 



and foimd to be 37.4 ergs per mm.* per second at the point where the 
quartz vessel was placed. The area exposed was 160 mm.* Measure¬ 
ments with a Weston cell (quartz window) showed that 52 per cent of 
the incident light was absorbed by the Chlorella suspension. This 
means that the cells absorbed 3.1 X 10* ergs per second. The energy 
of one quantum of 2537 A wave length is 7.7 X 10““ ergs. By divid¬ 
ing this number into the energy absorbed we obtain 4 X 10“ as the 
number of quanta absorbed per second. 

The numerical value of P depends upon what element we assume to 
be destroyed by the ultraviolet light. Table II gives the calculations 
for three possible assumptions: first, individual Chlorella cells; second, 
photos 3 mthetic units; third, chlorophyll molecules. 

According to hemocytometer counts there are 30 million Chlorella 
cells per mm.* of the cell material. 
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Defining the number of photosynthetic units as the munber of 
carbon dioxide molecules reduced per flash when the flashes are so far 
apart that they do not interfere with one another, and when the 
are bright enough to produce light saturation—^then the number of 
photosjrnthetic units is 

13.2 X 0.18S X 6.06 X 10» , 

- at 1,46 X lO'* 

5 X 60 X 15 X 1000 X 22,400 


where 

13.2 mm. = the change of the manometer pressure in 5 minutes 
(determined previous to the irradiation by ultraviolet 
light). 

0.185 = the vessel constant 

15 = the number of flashes per second. 


TABLE n 

Three Possible Values of P 



N 

Q 

P 

Element assumed to be hit by ultraviolet light 

Original No. 
present in vessel 

Average No. of 
quanta absorbed 
per unit per second 

Probability 

1.7 X 10-* 

Q 

CMordlo cell. 

150 X 10® 
1.46 X low 
3.6 X 10'® 

2.7 X 10® 

2.7 X 10 

1.1 X 10“* 

6.3 X 10-w 
6.3 X 10“® 
1.5 X 10“' 

Photosynthetic unit. 

Chlorophyll molecule. 



The number of chlorophyll molecules is equal to the number of 
photosynthetic units multiplied by 2480 (Emerson and Arnold (5)). 
Although the relative probabilities are correct, the absolute magnitudes 
are subject to an error perhaps as large as 500 per cent. It has not 
been possible as yet to grow two cultures giving identical slopes. 
Furthermore, the light intensity has not been corrected for reflection, 
or for absorption by different parts of the cell, A new absorption cell 
is now being made with which the absorbed energy can be determined 
with greater precision. 

The value 1.5 X 10~* for P suggests at once that it is the chlorophyll 
molecule which is affected by ultraviolet light. To test this assump¬ 
tion arrangements were made with Professor J. B. Conant and Dr. 
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Dietz to examine the chlorophyll chemically. A culture of ChloreUa 
pyrenoidosa was irradiated with ultraviolet light until manometric 
tests showed that the photosynthesis had been reduced to less than 10 
per cent of its original rate. The culture was then given to Dr. Dietz 
who made extracts within less than 1 hour from the time of irradiation. 
Previous measurements had shown that the damage to photos 3 mthesis 
by ultraviolet light lasts for at least 7 hours. The following is 
Dr. Dietz’ report: 

“The suspension of ChloreUa was centrifuged, washed once with distilled water 
and the chlorophyll was extracted by grinding with sand in the presence of acetone. 
Ether was added to the acetone solution and the acetone removed by washing 
carefully with water. 

Suitable tests showed that the chlorophyll was unchanged chemically. A pro¬ 
longed yellow phase color was obtained on shaking the ether solution with methyl 
alcoholic potassium hydroxide, hence no allomerization had taken place. Neither 
0.01 N potassium hydroxide nor 22 per cent hydrochloric acid extracted any of 
the pigment, hence the phytyl group had not been removed. A hot quick saponifi¬ 
cation carried out according to the Willstatter procedure followed by methylation 
and acid fractionation indicated that chlorin e and rhodin g esters were the sole 
products and were formed in the normal 3 to 1 ratio. This showed that no oxida¬ 
tion of the chlorophyll or alteration of the ratio of the a and b components had 
taken place.’’ 


IV 

CONCLUSIONS 

The fact that the chlorophyll appears to remain unchanged chemi¬ 
cally allows two conclusions,—either that there is a change so subtle 
that it escapes detection, or that the ultraviolet light destroys a sub¬ 
stance other than chlorophyll. If the first proves true, then a mecha¬ 
nism like that suggested by Conant, (Conant, Dietz, and Kamerling 
(6)) may be used to explain the high ratio between chlorophyll content 
and photosynthesis per flash (Emerson and Arnold (5)). If the second 
is the correct conclusion, then the h)Tx>thetical substance must be 
proportional to, and a very small fraction of, the chlorophyll content 
of the cell. The probability calculated for the photosynthetic unit fits 
this conclusion—because most of the absorbed quanta would be taken 
up by the chlorophyll which is present in a much higher concentration 
than is the hypothetical substance. However, Warburg’s high light 
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efficiency for CJdorella is difficult to understand from this point of view. 
We would expect the chlorophyll to act as an internal screen. 

It is probable that when the mechanism of the photosynthesis of 
green plants is finally described, it will be found that the study of the 
quantum relationships of both the visible and ultraviolet light have 
played an important part. 

The writer is much indebted to Dr. E. M. Dietz, Professor J. B. 
Conant, Professor W. J. Crozier, and Dr. F. L. Gates for help and 
advice. 


V 

SUMMARY 

1. An unidentified unit in the mechanism of the photosynthesis of 
ChloreUa pyrenoidosa is rendered inactive by the absorption of one 
quantum of ultraviolet light (2537 A wave length). 

2. The same irradiation has no effect on the normal respiration of 
ChloreUa pyrenoidosa. Experiments have not yet been made on the 
respiration inhibitable by HCN. 

3. No chemical change was detected in the chlorophyll extracted 
from irradiated cells. 


CITATIONS 

1. Crowther, J. A., Proc. Roy. Soc. London, Series B, 1924,96,207; 1926,100,390. 

Condon, E. V., and Terrill, H. M., J. Cancer Research, 1927,11,324. Hol- 
weck, F., Compt. rend. Soc. biol., 1929,188,197. Lacassagne, A., Compt. rend. 
Soc. Uol., 1929,188, 200. Curie, M., Compt. rend. Soc. biol., 1929,188,202. 
Rahn, 0., J. Gen. Physiol., 1929,13,179. Wyckoff, R. W. G., /. Exp. Med., 
1930, 61, 921. Swan, W. F. G., J. Franklin Inst., 1930, 210, 784., Swan, 
W. F. G., and del Rosario, C., J. Franklin Inst., 1932,213,549. 

2. DuMond, J., Rev. Mod. Physics, 1933,6, 1. 

3. Warburg, 0., Biochem. Z., 1919,100,230. 

4. Emerson, R., J. Gen. Physiol., 1927,10,469. 

5. Emerson, R., and Arnold, W., J. Gen. Physiol., 1932,16, 191. 

6. Conant, J. B., Dietz, E. M., and Kamerb'ng, S. E., Science, 1931,73,268. 




THE ORDER OF THE BLACKMAN REACTION IN 
PHOTOSYNTHESIS 

By william ARNOLD 

(JProtn the Laboratory of General Physiology, Harvard University, Cambridge) 
(Accepted for publication, July 18,1933) 

I 

Previous studies (Emerson and Arnold (1,2)) have shown that the 
photossmthesis of ChloreUa pyrenoidosa involves a photochemical 
reaction of the first order not appreciably affected by temperature, and 
a dark reaction (the Blackman reaction) dependent on temperature. 
This paper will attempt to prove that the Blackman reaction is of the 
first order. The argument will be based on the effect of ultraviolet 
light on photosynthesis. 

n 

ARGUMENT 

It has been shown (Arnold (3)) that ultraviolet light (2537 A) 
destroys the photosynthetic mechanism in ChloreUa pyrenoidosa. 
There are two ways to measure this destruction of photosynthesis: 
first, by using bright flashes of light spaced so far apart that the 
measurements are independent of the Blackman reaction; second, by 
very bright and continuous light in which the Blackman reaction will 
be the pace setter. The order of the Blackman reaction can be de¬ 
termined from the relationships between the survival ratios for the 
two methods of measuring photosynthesis. The survival ratio is 
defined as the rate of photosynthesis after irradiation by ultraviolet 
light, divided by the original rate of photosynthesis. 

Let 

N = the number of units ready to undergo the photochemical reaction. 
» = the munber of units ready to undergo the Blackman reaction. 

X = the order of the Blackman reaction, 1, 2, 3, .... 

Since the process as a whole is thought to be a cyclic one, 

N -H - - ii. 

% 
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where Ko is a constant for the cells, proportional to their chlorophyll 
content. After irradiation by ultraviolet light Ko is replaced by a 
smaller number K. This substitution represents the damaging of the 
photosynthetic mechanism by ultraviolet light. 

Derivation of the Survival Ratio for Flashing Light 
The rate of the photochemical reaction is (Emerson and Arnold (2)), 


dt 


AIN 


where 

.4 = a reaction constant nearly independent of temperature. 

I = the light intensity. 

(The Blackman reaction may be neglected because it is very slow com¬ 
pared with the time of the light flash, 10"® sec. (Emerson and Arnold 
(2)).) The solution of the above equation after substituting Ko for 
the integration constant is 


When the fl dt is evaluated over one flash of light 


N,=Koe 


- Afidt 


where Ni = number of units unchanged by the light. The photo¬ 
synthesis Mo effected by one flash will be given by 

Mo = Ko-Ni = KoH - e~ 

Similarly for M the photosynthesis effected by one flash after the 
ultraviolet treatment, we have 

M = K{\- e~ 


The gas exchange measured in a 5 minute period is proportional to 
Mo and M, because there will be the same number of flashes in each S 
minute interval. That is, there will be 5 X 60 X 15 (for fifteen flashes 
per second). 

Then 


The survival raiio 
for flashing Ught^ 


M K(1 
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Derivation of Survival Ratio for High Intensity Continuous Light 
Ro, the rate of the Blackman reaction, is 

R. = Bn 

where B is the reaction constant dependent on temperature. If the 
light intensity is high enough to effect light saturation for the plants, 
then 

JV - 0, 

so that from the equation 

iv + - = a:. 

we obtain 

n = xKo 


Substituting this value for n in the equation for rate we have, 

R, = B{xK,)* 


In order to find the rate after ultraviolet irradiation the assumption is 
made that ultraviolet light does not affect the reaction constant B, 

R = B(xKf. 


These rates are the same as the experimentally determined rate for 
the photosynthetic process as a whole. 

Then, 


The survival ratio 
for high intensity) 
continuous light 


* BixKof ~ 


But this is the survival ratio for flashing light raised to the power x, 
the order of the Blackman reaction. 


in 

EXPERIMENTAL 

5 mm.* of Chlorella pyrenoidosa ceils were washed and then suspended 
in a carbonate buffer solution (85 parts of 0.1m potassium bicarbonate 
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and 15 parts of 0.1m potassium carbonate) in a Warburg vessel. 
Photos)nathesis was measured by reading the manometers every 5 
minutes, first when the cells were exposed to very high continuous 
light, and second when the cells were illiuninated by 10~® second flashes, 
15 per second. The cells were then irradiated for 5 minutes by ultra¬ 
violet light, more than 90 per cent monochromatic for the 2537 A 
line of mercury. Photosynthesis was again measured and survival 
ratios determined. The results appear in Table I. 

According to the argument in Section II, the power to which the 
survival ratio in flashing light must be raised to give the survival ratio 
in continuous light corresponds to the order of the Blackman reaction. 


TABLE I 

Survival Ratios for High Intensity Continuous Light and for Bright Flashing Light 



A h mm. for 5 min. period 
before irradiation 

A h mm. for 5 min. period 
after 5 min. of ultraviolet 
irradiation 

Survival ratios 

Experiment 

Continuous 

light 

Flashing 

light 

Continuous 

light 

Flashing 

light 

Continuous 

light 

Flashing 

light 

1 

25.4 

13.2 

15.2 

7.8 

0.60 


2 

21.3 

11.3 

11.5 

6.2 

0.54 

mm 


The tabulated data in the light of this argument are only consistent 
with a Blackman reaction of the first order. 

IV 

Since one molecule of glucose contains six carbon atoms, and since 
it takes at least three quanta of visible light to obtain enough energy 
to reduce one molecule of carbon dioxide, it is hard to conceive of the 
process of photos 5 mthesis consisting of first order reactions. Perhaps 
photosynthesis may be pictured as in Fig. 1. Let the arrow A repre¬ 
sent the manufacture of sugar, the arrow P the photochemical process, 
the arrow B the Blackman reaction. P and B make up a turning 
wheel driven by the light energy. The rotation of this wheel moves 
the process as a whole. If some mechanism like that suggested by 
Conant (Conant, Dietz, and Kamerling (4)) proves to be applicable, 
then the constant Kt would represent the maximum amount of dehy- 
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drochlorophyll that can be present at one time. Whether it will be 
possible to explain by Professor Conant's scheme the ratio 2,500 
between chlorophyll content and carbon dioxide reduced per flash 
remains to be seen. 



Fig. 1 


V 

SUMMARY 

On the assumption that photos)aithesis is a cyclic process and that 
irradiation by ultraviolet light does not change the reaction constants, 
the Blackman reaction is shown to be of first order. 
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The method for the estimation of tr)rpsin described in this paper is 
essentially the same as our method for the estimation of pepsin (Anson 
and Mirsky, 1932). Trypsin is allowed to digest denatured hemo¬ 
globin in a slightly alkaline phosphate solution. Precipitation of the 
denatured hemoglobin by the phosphate or by salt added with the 
enzyme is prevented by urea. The undigested hemoglobin is precip¬ 
itated with trichloracetic acid. The amount of digested hemoglobin 
not precipitated, which is a measure of the amount of trypsin used, 
is estimated by the blue color which the tyrosine and the tryptophane 
in the digested hemoglobin give with the phenol reagent. Cysteine 
and heme (even heme whose iron is in the ferric state) also can reduce 
the phenol reagent. But there is very little cysteine in hemoglobin 
and all the heme is precipitated with trichloracetic acid. 

The procedure has several advantages. Many estimations can be 
made in a short time; the results are entirely reproducible; the 
hemoglobin solution keeps for at least a month without change; and the 
rate of digestion is not sensitive to considerable amounts of acid, 
alkali, urea or glycerol added with the enzyme. 

The procedure has two disadvantages. In the first place, the hemo¬ 
globin solution cannot be used for the estimation of the active native 
trypsin in a mixture of active native and inactive denatured trypsins 
because inactive denatured trypsin changes into active native trypsin 
in the hemoglobin solution just as it does in all the protein solutions 
which have hitherto been used for the estimation of trypsin. This 
change can be prevented by making the hemoglobin solution more 
alkaline as is described in a following paper. In the second place, 
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the activity of a crude pancreatic extract is higher when measured 
by the digestion of hemoglobin than when measured by the change 
in the viscosity of gelatin. The reasons for this are being studied. 
In the experiments with purified trypsin so far carried out the two 
methods yield the same results. 

Commercia'l dried proteins can be used instead of hemoglobin pre¬ 
pared in the laboratory. They are of dubious reproducibility and 
they contain considerable and variable amounts of color-producing 
substances not precipitated by trichloracetic acid. 

When gelatin, casein or any other non-reproducible protein sub¬ 
strate is used for the estimation of trypsin by any method, the pro¬ 
cedure can be calibrated by means of a solution of purified trypsin 
whose activity has been measured by the hemoglobin method which 
yields reproducible results. The calibration curve states the extents 
to which a particular sample of protein is digested under given 
conditions by different known amounts of trypsin. A sufficiently 
purified tr)T>sin can be prepared from commercial trypsin in a few 
minutes by a modification of the Northrop-Kunitz procedure (1932) 
which avoids several filtrations. A solution of this partially purified 
tr 5 fpsin which digests hemoglobin at the same rate as a solution of 
crystalline trypsin also has the same effect on the viscosity of gelatin 
as does the crystalline trypsin. 

The Procedure .—1 ml. of enzyme solution is added to S ml. of the hemoglobin 
solution to be described later. The 175 X 20 mm. test-tube containing the 6 ml. 
of digestion mixture is whirled and placed in a water bath at 25‘’C. After. 5 
minutes 10 ml. of 5 per cent trichloracetic acid are poured in from another test-tube, 
the suspension is poured back and forth, allowed to stand 5 minutes and filtered. 
To 5 ml. of filtrate are added 10 ml. of 0.50 N sodium hydroxide and 3 ml. of the 
phenol reagent of Folin and Ciocalteau (1927) diluted three times (c/. Wu, 1922, 
and Greenberg, 1929). The reagent is added drop by drop with stirring and is 
always added in the same way. After 1 to 10 minutes the blue color is read against 
the color developed from 0.00083 milliequivalents (0.15 mg.) of tyrosine dissolved 
in 5 ml. of 0.2 N hydrochloric acid. 

If the trichloracetic acid suspension is fiiltered immediately instead of after 5 
minutes the first half of the filtrate contains some undigested hemoglobin in fine 
suspension and this first portion must accordingly be rejected or refiltered. Cen¬ 
trifugation can be used instead of filtration without any difference in results. 

Preparation of Tyrosine Standard .—^The tyrosine is thrice crystallized and its 
concentration is estimated by Kjeldahl (100 mg. tyrosine -• 7.74 mg. nitrogen). 
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It is stored at room temperature in 0.2 n hydrochloric acid containing 0.5 per cent 
formaldehyde. Some preservative is needed to prevent the destruction of tyro¬ 
sine by mould even in the cold. Formaldehyde does not affect the color value of 
tyrosine. 

Copper sulfate solution or a blue glass inserted in the plunger of the colorimeter 
can be used as a standard instead of the blue solution obtained from tyrosine. 
Although these standards do not match the tyrosine blue in white light they do 
match it in the fairly monochromatic red light transmitted by the Corning Glass 
Filter No, 241. 

Rubber, even after being boiled with alkali, contains reducing substances which 
can be extracted by the reagents so all contacts with rubber should be avoided. 

Preparation of the Hemoglobin Solution. —^Defibrinated bovine blood is centri¬ 
fuged, the serum and white corpuscles are siphoned off and the red corpuscles are 
washed once with an equal volume of 0.9 per cent sodium chloride solution.^ 
Water is added to give a solution containing in 100 ml. 10.5 gm. hemoglobin or 
1.86 gm. nitrogen. This solution is stored frozen in parafl&ned paper ice-cream 
containers. 

To denature the hemoglobin and to remove substances not precipitated with 
trichloracetic acid which give a color with the phenol reagent, one proceeds as 
follows. A mixture of 220 ml. 10.5 per cent hemoglobin and 11 ml. 1 n sodiiun 
hydroxide is brought to 50-60°C. and is added to 1300 ml. of water previously 
brought to 100°C. There is then added with mechanical stirring 26 ml. of a 
solution 5 M in respect to sodium chloride and 0.5 m in respect to KH 2 PO 4 . The 
resulting suspension is filtered on a folded paper, the precipitate is washed with 
water, transferred to a beaker, weighed and enough water added to make the 
weight 400 gm. 400 gm. of urea are then stirred up with the precipitate and 160 
ml. of 1 N sodium hydroxide are added. After solution of the protein and the 
urea 200 ml. of 1 M KIH 2 PO 4 plus 240 ml. water are added. The solution is stored 
in the cold with toluol as a preservative. The solution is the same as would be 
obtained by adding 40 gm. of urea to 100 gm. of a solution which contains 2.2 gm. 
denatured hemoglobin (about 5 per cent of the protein is lost) and the equivalents 
of 100 ml. of 0.2 M KH 2 PO 4 and 80 ml. of 0.2 M sodium hydroxide. 

Preparation of Solutions of Commercial Dried Proteins. —25 gm. of edestin 
(La Roche) hemoglobin (Eimer and Amend) or casein (after Hammarsten) are 
mixed with 400 gm. urea. This mixing facilitates the solution of the protein. In 
the case of casein and edestin, the protein and urea are simply put together in a 


^ These washed corpuscles can be stored frozen and after being dialyzed and 
acidified can be used for the estimation of pepsin instead of the purified hemo¬ 
globin solution already described (Anson and Mirsky, 1932) which is more 
difficult to prepare. The one add hemoglobin solution which we have prepared 
from frozen corpuscles was digested at the same rate as the purified hemo¬ 
globin. 
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flask which is whirled. In the case of hemoglobin the protein and urea are ground 
together in a mortar. 240 ml. water and 160 ml. 1 n sodium hydroxide are added 
to the urea-protein mixture and the solution is brought to room temperature. 
After the protein is dissolved (and denatured) 200 ml. 1 m KH 2 PO 4 and 375 ml. 
water are added. Eimer and Amend’s hemoglobin dissolves more readily than 
other commercial hemoglobins we have tried. Although it is labelled pure it is 
contaminated with other proteins. Of the three proteins, edestin is the most 
rapidly digested. A sample of the Hoffman-La Roche edestin, however, was not 
digested at the same rate as crystalline edestin prepared in the laboratory. 



2 4 € 8 to 12 14 18 20 

Tyro tine added to bemoglobin filtrate - raiUiequlvalents XIO^ 

Fig. 1. Color values of various amounts of tyrosine dissolved in hemoglobin 
filtrates. 


Calculations 

What is measured is the color value of 5 ml. of the trichloracetic 
acid filtrate from digested hemoglobin in terms of the amount of tyro¬ 
sine which would give the same color under the same conditions. For 
the purposes of calibration it must, therefore, first be determined how 
much color would be given by various known amounts of tyrosine in the 
trichloracetic acid filtrate from undigested hemoglobin which contains 
in addition to trichloracetic acid, phosphate and urea a small amount 
of color-producing substance not precipitated by trichloracetic acid. 
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10 parts 5 per cent trichloracetic acid are added to a mixture of 5 
parts hemoglobin solution and 1 part water. To 5 ml. portions of the 
filtrate are added 1 ml. portions of 0.1 n hydrochloric acid containing 
various amounts of tyrosine. The colors developed with sodium 
hydroxide and the phenol reagent are read against the color developed 
from 0-15 mg. or 0.00083 milliequivalents, tyrosine dissolved in 5 ml. 
0.2 N hydrochloric acid plus 1 ml. water. Fig. 1 shows how many 



Fig. 2. Relation of trypsin concentration to color value of digestion products, 
5 ml. filtrate, 5 minutes digestion at 25°C. 


milliequivalents of tyrosine in hydrochloric acid are needed to give 
the same color as any given amount of tyrosine dissolved in the 
trichloracetic acid filtrate. 

Digestion is now carried out with various amounts of enzyme. 
Fig. 2 gives the color values of the filtrates in terms of the amounts of 
t 3 nrosine in the filtrate which would give the same colors. In practice 
since the properties of the hemoglobin solution are constant one 
avoids calculations by using a curve in which the amounts of trypsin 
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are plotted directly against the colorimetric readings when the stand¬ 
ard is set at 20. One does not have to use different calibration curves 
if different periods of digestion are used because increasing the diges¬ 
tion time n times is always equivalent to increasing the enz)rme con¬ 
centration n times. 

For the purpose of using the hemoglobin-urea procedure the trypsin 
units may be considered as arbitrary numbers which are proportional 
to the amounts of tiypsin which give the amounts of color-producing 
substances expressed by the curve. In order, however, to make the 
hemoglobin trypsin unit comparable with other units of proteolytic 
activity (Northrop, 1932; Anson and Mirsky, 1932) the following 
definition has been adopted. One unit of trypsin produces in 1 
minute at 3S.S°C. in 6 ml. of the digestion mixture an amount of color- 
producing substance not precipitable with trichloracetic acid which 
gives the same color as 1 milliequivalent of tyrosine. This definition 
assumes that the extent of digestion is proportional to the concentra¬ 
tion of enzyme and to the time of digestion. These assumptions are 
correct only when the amount of digestion is small since as digestion 
proceeds the trypsin is inhibited by the products of digestion. The 
slope of the curve of Fig. 2 for small amounts of digestion is 1/5 X 
16/5 X 1.75 or 1.12 times less steep than it would be if the determina¬ 
tion were carried out as described in the definition because the diges¬ 
tion is carried out for 5 minutes instead of 1, only 5 ml. of filtrate are 
used in the colorimetric estimation instead of the total 16 and the 
digestion is carried out at 25°C. instead of at 35.5°C. at which it. is 
1.75 times faster. 

Effect of Variations in the Composition of the Digestion Mixture on the 

Extent of Digestion 

Hemoglobins from the bloods of different individual animals are 
digested at the same rate. Doubling the hemoglobin concentration 
or reducing it 10 per cent has no detectable effect. The amount of 
urea can be increased or decreased 5 per cent, or the equivalent of 1 
ml. of 0.1 N hydrochloric add, 0.1 n sodium hydroxide or 10 per cent 
glycerol can be added to the digestion mixture without changing the 
extent of digestion 3 per cent. 

Preparation of Purified Trypsin for the Standardization of Non- 
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Reproducible Proteins .—1 gm. of Fairchild’s tr 3 ^sin is suspended in 
25 ml. 0.1 N hydrochloric add, heated for 1 minute at 80°C. and cooled 
rapidly to room temperature with ice water. After 10 minutes, 6 
gm. of ammonium sulfate are added and the suspension filtered. To 
each 10 ml. of the filtrate are added 2 gm. ammonium sulfate. 
The resulting predpitate is centrifuged and dissolved in enough 
0.005 N hydrochloric acid to make the final voliune 25 ml. This 
final solution has about 0.01 activity unit per ml.; i.e., it has to be 
diluted about 10 times for estimation. 

SUMMARY 

The formation from hemoglobin of split products not precipitable 
by trichloracetic acid is taken as a measure of tryptic activity. The 
split products are estimated colorimetrically. 

Many measurements of tryptic activity can be made in a short 
time and different samples of hemoglobin yield the same results. 
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Trypsin, which can catalyze the hydrolysis of proteins, is itself 
a protein (Northrop and Kunitz, 1932). The denaturation of pro¬ 
teins is reversible (Anson and Mirsky, 1931). When trypsin is 
denatured its proteolytic activity is completely lost. When the 
denaturation of trypsin is reversed the original proteolytic activity is 
completely restored (Northrop, 1932). The denaturation of trypsin 
and its reversal can therefore be followed by measurements of pro¬ 
teolytic activity. The present paper describes a technique for the 
measurement of the activity of native tr 3 q)sin in the presence of 
inactive, denatured trypsin. Later papers will describe the appli¬ 
cation of this technique to the study of the effect of various denaturing 
agents such as heat, acid, alcohol and urea on the equilibria between 
native and denatured trypsin and on the rates of the denaturation of 
trypsin and its reversal. 

To estimate trypsin the enz)Tne is added to a solution of protein 
and the rate of digestion is measured. In all the protein solutions 
which have hitherto been used reversal of the inactivation and dena¬ 
turation of trypsin take place. If active, native trypsin is to be 
estimated in the presence of inactive, denatured tr 3 q)sin, such change 
of inactive into active trypsin during the very estimation must ob¬ 
viously be avoided. This we have succeeded in doing by adding a 
suitable amount of the denaturing agent, urea, to the digestion 
mixture. 

We have already described a method for the estimation of trypsin 
with hemoglobin (Anson and Mirsky, 1933) which can be used when 
the reversal of inactivation need not be considered. Digestion of 
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denatured hemoglobin by trypsin is allowed to take place in a 
slightly alkaline solution buffered with phosphate. Precipitation of 
the denatured hemoglobin is prevented by urea. The undigested 
hemoglobin is precipitated with trichloracetic acid. The digested 
hemoglobin not precipitated by trichloracetic acid, which is a measure 
of the amoimt of trypsin used, is estimated by the blue color it gives 
with the phenol reagent. Considerable amounts of acid, alkali or 
glycerol can be added with the enzyme without any effect on the 
rate of digestion. 

The change of inactive into active trypsin which takes place in the 
standard hemoglobin solution used for the ordinary estimation of 
trypsin can be prevented by adding more urea or (as is done in the 
procedure to be described) more alkali. If too much urea or too 
much alkali is added not only is the change from inactive to active 
trypsin prevented but the active trypsin is inactivated so fast that 
no measurement of activity is possible. In a digestion mixture in 
which there is neither reactivation nor a too rapid inactivation the 
rate of digestion is slower than it is in the standard hemoglobin solu¬ 
tion used for the ordinary estimation of trypsin and the rate of diges¬ 
tion is much more sensitive to small changes in pH and urea 
concentration. 

The general method of preventing reactivation during an ana¬ 
lytical procedure by having present an inactivating agent such 
as urea may prove to be of use not only in the study of the 
denaturation of pure proteins but in testing for the protein nature of 
biologically active substances which have not been isolated but which 
are present in extremely dilute solutions together with many impuri¬ 
ties. One would expect a protein substance regardless of its concen¬ 
tration or of the presence of impurities to lose its activity if exposed 
to denaturation procedures or to the proteolytic activity of trypsin. 
Trypsin, itself, however, which is a protein, can be heated in acid to 
lOO^C. without any permanent loss of activity, for the denaturation 
and inactivation which take place on heating are reversed on cooling. 
There are proteins like hemoglobin which in their native form are 
not attacked by trypsin although in their denatured form they are 
rapidly digested. If a substance does not lose its activity when 
exposed to a denaturation procedure or to trypsin it may mean, there- 
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fore, not that the substance is not a protein but that there has been, 
as in the case of tr 3 rpsin, reversal of denaturation or that, as in the 
case of hemoglobin, the protein must be denatured to be digested by 
trypsin. To make sure that there has been no inactivation by dena¬ 
turation the activity should be measured under conditions which 
prevent the reversal of denaturation. To make sure that the sub¬ 
stance is not digestible by trypsin the substance should first be ex¬ 
posed to conditions known to cause denaturation and then brought 
to the slightly alkaline solution suitable for tryptic digestion in the 
presence of some substance such as urea which will keep the substance 
denatured. 

The Procedure .—5 ml. of the hemoglobin solution to be described are poured 
from a 175 X 20 mm. test-tube into 1 ml. of the enzyme solution in a second tube, 
the solution is poured back and forth, and the two test-tubes are placed in a water 
bath at 25® C. Sometime during the digestion period the small amount of solution 
in the test-tube from which the digestion mixture was last poured is drained into 
the other test-tube. After 5 minutes 10 ml. 5 per cent trichloracetic acid are added, 
the suspension is mixed with the few drops of digestion mixture still left in the 
third tube, allowed to stand 5 minutes and filtered. To 5 ml. of filtrate are added 
10 ml of 0.50 N sodium hydroxide and 3 ml. of the phenol reagent (Folin and 
Ciocalteau, 1927) diluted three times are added dropwise with stirring and always 
in the same way. After 1 to 10 minutes the blue color is read against the color 
developed from 0.00083 milliequivalents (0.15 mg.) of tyrosine dissolved in 5 ml. 
of 0.2 N hydrochloric acid containing 0.5 per cent formaldehyde. If the colori¬ 
metric comparison is made in the fairly monochromatic red light transmitted 
by the Corning glass filter No. 241 almost any blue glass or a blue solution can be 
used as a standard. 

Preparation of the Hemoglobin Solution .—Defibrinated bovine blood is centri¬ 
fuged, the serum and white corpuscles are siphoned off and the red corpuscles are 
washed once with an equal volume of 0.9 per cent sodium chloride solution. 
Water is added to give a solution containing in 100 ml. 10.5 gm. hemoglobin or 
1.86 gm. nitrogen. This solution is stored frozen in paraffined paper ice-cream 
containers. 

150 ml. of 10.5 per cent hemoglobin plus 7.5 ml. 1 n sodium hydroxide at 
50-60®C. are added to 900 ml. of water at 100 ®C. There is then added with 
mechanical stirring 18 ml. of a solution 5 m in respect to sodium chloride and 
0.5 M in respect to KH 2 PO 4 . The precipitate is filtered, washed and made up to 
390 gm. wi 4 water. 390 gm. of urea and then 20 cc. 1 n sodium hydroxide are 
added and the solution is brought to room temperature to insure the complete 
solution of the hemoglobin. Finally, 160 ml. of 0.5 m boric acid and 430 ml. water 
arc added and the solution is stored at S®C. with toluol as a preservative. The 
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solution is the same as would be obtained by adding 39 gm. of urea to 100 gm. of a 
solution containing 1.5 gm. denatured hemoglobin and the equivalents of 80 ml. 
0.1 M boric acid and 20 ml. 0.1 m sodium hydroxide. 

Calibration .—Digestion is carried out with various dilutions of a trypsin solution 
whose activity in terms of trypsin units has been measured by the standard 



hemoglobin method. The colors developed from 5 ml. of trichloracetic acid 
filtrate are read against the color developed from 5 ml. of the standard tyrosine 
solution. Fig. 1 gives the relation between the trypsin units and the colorimetric 
readings when the standard is set at 20. The hemoglobin solution may be kept 
at least 2 months without any change in the calibration curve and different prepa¬ 
rations of the hemoglobin solution yield the same calibration curve. 
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The Effect of Variations in the Composition of the Digestion Mixture 
on the Rate of Digestion. —Increasing the urea concentration 5 per cent 
reduces the extent of digestion 2 per cent. Decreasing the urea 
concentration 5 per cent increases the extent of digestion 2 per cent. 
The addition to the digestion mixture of the equivalent of 1 ml. of 5 
per cent glycerol causes an increase of 6 per cent in the digestion; 
1 ml. of 0.06 N hydrochloric acid causes an increase of 4 per cent; and 
1 ml. of 0.06 N sodium hydroxide causes a decrease of 6 per cent. If 
more than 0.01 n acid or alkali is added with the enzyme then 0.5 
ml. instead of 1 ml. of enzyme solution is used and there is added to 
the 5 ml. of hemoglobin solution 0.5 ml. of a solution which exactly 
neutralizes the acid or alkali added with the enzyme. 

Evidence of the Prevention of the Reversal of Denaturation. —^When 
trypsin is heated to 60°C. in 0.01 hydrochloric acid for 2 minutes it is 
completely inactivated and denatured. On cooling the solution the 
original activity is restored. If 5 ml. of the hemoglobin solution plus 
0.5 ml. of water are poured into 0.5 ml. of a hot 0.01 n hydrochloric acid 
solution of trypsin which before heating contained 24 X 10" ® units 
of active enzyme and digestion is carried out for 10 minutes only 0.65 
X 10"* units of activity are found. 

When trypsin is heated or cooled to 45“C. in 0.01 n hydrochloric 
acid it is about half inactivated and denatured. The activity of such a 
mixture is the same whether or not the denatured half of the trypsin is 
first precipitated with salt and removed. The experiment is carried 
out as follows: Into 0^5 ml. of tr 5 q)sin (1.72 X 10“* [T.!!.]®*”) in 0.01 
hydrochloric acid heated to 45‘’C. for 5 minutes are poured 5 ml. 
hemoglobin solution plus 0.5 ml. water. 1 ml. of the mixture is 
immediately added to 5 ml. of a naixture of 5 parts hemoglobin solu¬ 
tion and 1 part water. The digestion is carried out for 10 minutes 
after the hemoglobin solution was first poured into the enzyme solu¬ 
tion. For the estimation with salt, 2 ml. of 5 M sodium chloride in 
0.01 N hydrochloric acid are poured into 2 ml. of the heated trypsin 
solution. The resulting suspension is centrifuged. 1 ml. of the 
supernatant solution is added to 5 ml. hemoglobin solution; 1 ml. of 
this mixture is then immediately added to 5 ml. of a mixture of 5 
parts hemoglobin solution to 1 part water and the digestion is carried 
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out as before. By both methods the heated solution is found to have 
0.86 X units of activity . 

Effect of Variations in the Composition of the Digestion Mixture on the 
Extent of the Reversal of Inactivation. —The less urea in the digestion 
mixture the more reversal of inactivation. If the amount of urea is 
decreased 5 per cent the amount of reversal is still less than 5 per cent. 
If the amount of urea is decreased a third about 20 per cent reversal 
takes place. The results under these conditions are not very repro¬ 
ducible. Acid favors reversal, alkali the reverse, but the addition of 
1 ml. of 0.04 N hydrochloric acid or sodium hydroxide (which is more 
than permissible if the rate of digestion by active trypsin is to be 
kept constant) has no significant effect on the extent of reversal. 
Glycerol favors reversal. The addition of the equivalent of 1 ml. 
of S per cent glycerol to the digestion mixture increases the amount 
of reversal 60 per cent. 


SUMMARY 

Inactive denatured trypsin changes into active native trypsin in 
the protein solutions which have been used to estimate tryptic activity. 
If the digestion mixture, however, is alkaline enough and contains 
enough urea this change does not take place. Such a digestion mix¬ 
ture can be used to estimate active native trypsin in the presence 
of inactive denatured trypsin. 
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Pepsin, like other enzymes, is removed more or less completely from 
solution by various insoluble substances. Dauwe (1) showed that 
insoluble proteins were particularly efl&cient in this respect. These 
results were confirmed by Abderhalden and coworkers (2). The writer 
found (3) that the quantity of pepsin removed by insoluble proteins 
depended largely upon the pH of the solution and that under certain 
conditions the ratio of the enzjrme in the precipitate to that in the 
solution was the same as the chloride ion ratio. This result suggested 
that the pepsm was a negative ion and was distributed like any other 
ion in accordance with the Donnan equilibrium (4). In the acid 
range, however, between pH 2.0 and 5.0 the results were anomalous 
from this point of view since much more pepsin was absorbed than 
would be expected from the Donnan equilibrium. 

It has recently been found by Dyckerhoff and Tewes (5) and by 
Waldschmidt-Leitz and Kofrfinyi (6) that crystalline proteins such as 
edestin or melon globulin also possess the property of absorbing pepsin 
from pepsin solutions, and Waldschmidt-Leitz considers that the 
crystalline foreign protein removes the active group from the pepsin 
protein. If this explanation were correct a convenient means would 
be at hand to separate the active group of pepsin from the protein- 
pepsin molecule, since the foreign protein (edestin or melon globulin) 
is rapidly and completely digested by pepsin and since there is little 
or no loss in activity during peptic digestion. It would only be 
necessary, therefore, to allow the complex of foreign protein and pepsin 
to digest until all the protein had been destroyed and the active pepsin 
must then be found in solution free from protein. When this experi¬ 
ment is performed, however, it is found that there is left in the digested 
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edestin solution an amount of pepsin protein just equivalent to the 
peptic activity present and equivalent to the loss in pepsin protein 
from the original pepsin solution. The absorption of pepsin by 
crystalline foreign protein, therefore, consists in the absorption of the 
pepsin protein, as such, and does not separate the pepsin protein into 
an inert protein and an active pepsin group. 

The absorption of pepsin by edestin shows a sharp maximum at 
about pH 4.0 and pepsin may be removed completely from dilute 
solutions by stirring with a suspension of edestin crystals at this pH. 
The pepsin protein may be recovered from the “edestin-pepsin’ ’ complex 
by allowing the “edestin-pepsin” to autolyze, or by simply extracting 
the edestin-pepsin with n/4 sulfuric acid at 0°C. The recovered 
pepsin may be identified by its tyrosine-tryptophane content which is 
twice that of edestin and by its content of basic nitrogen which is 
about one-quarter that of edestin. It may be readily recrystallized 
and obtained in the characteristic crystalline form and with the 
characteristic specific activity of the original crystalline pepsin. If a 
suspension of edestin crystals at pH 4.0 is added to increasingly con¬ 
centrated solutions of either crystalline or crude pepsm surprisingly 
large amounts of pepsin are taken up by the edestin crystals and 
preparations may be obtained which contain nearly 50 per cent pepsin 
and are, therefore, one-half as active as crystalline pepsin itself and 
much more active than commercial pepsin preparations. The general 
form and appearance of the edestin crystals is not markedly changed, 
but if the suspension of edestin crystals in the pepsin solution is allowed 
to stand for several hours at room temperature the edestin gradually 
dissolves and the pepsin content of the remaining precipitate increases. 
On longer standing the precipitate becomes less and less in bulk and 
finally dissolves completely, so that the final result is a solution of 
digested edestin containing the original quantity of pepsin. 

The rate of autolysis can be increased by dissolving the edestin- 
pepsin precipitate in hydrochloric acid. The edestin protein is then 
very rapidly destroyed and there is left the pepsin protein. There 
is no change in activity during this process so that the autolysis of 
“edestin-pepsin” differs strikingly from the autolysis of pepsin itself, 
since in the latter case the destruction of the protein is paralleled by a 
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corresponding loss in activity while in the case of “edestin-pepsm” the 
edestin is destroyed without any corresponding loss in activity. There 
is, therefore, no reason to consider the “edestin-pepsin” complex as 
having any activity of its own aside [from that due to the content of 
pepsin protein. 

If supersaturated solutions of autolyzed edestin-pepsin or autolyzed 
solutions of pepsin alone are allowed to stand, the pepsin precipitates 
out in the form of spheroids, as Dyckerhoff and Tewes have shown (5). 
It is characteristic of proteins to appear in this spheroidal form when 
conditions are not quite right for crystallization or when they have not 
been sufficiently purified. The pepsin spheroids consist largely of pep¬ 
sin but contain from 10 to 30 per cent non-protein nitrogen. They 
may be purified by solution precipitation with acid or magnesium 
sulfate and the pepsin may then be obtained in the usual crystal¬ 
line form. 

The edestin-pepsin complex may also be formed by mixing cold 
solutions of edestin with solutions of pepsin. A precipitate forms 
which varies in composition and quantity with the pH of the solution. 
The maximum quantity and the maximiun activity again are found at 
about pH 4.0. If the relative concentrations of pepsin and edestin 
are varied at pH 4.0 the quantity of pepsin in the precipitate is a 
maxi mum when equal concentrations (by weight) of pepsin and edestin 
are mixed. Under these conditions the precipitate contains nearly 
75 per cent pepsin and is about three-quarters as active as crystalline 
pepsin itself. 

Since pepsin and edestin both have an equivalent weight of about 
1,000 the precipitate having maximum activity corresponds approxi¬ 
mately to three equivalents of pepsin to one of edestin. Since the 
molecular weight of pepsin is only one-sixth that of edestin this cor¬ 
responds approximately to eighteen molecules of pepsin to one of 
edestin. 

Similar experiments may be performed with the globulin from melon 
seed {Cucumis), as Waldschmidt-Leitz and Kofr4n3d (6) have found, 
and also with gelatin. In both cases the pepsin protein removed from 
the pepsin solution and taken up by the solid protein corresponds to the 
loss of activity of the solution. 
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EXPERIMENTAL RESULTS 

I, Absorption of Pepsin by Edestin Crystals from Crystalline Pepsin 
Solutions at Various pH 

Experimental Procedure, —0.1 per cent solution of crystalline pepsin was titrated 
to various pH with sulfuric acid, cooled to 0°C. and 1 gm. crystalline edestin^ 
(La Roche) was then added to 25 ml. of the solutions. The suspensions were 
stirred for a few minutes and kept at 6®C. for 18 hours. The suspensions were 
then centrifuged, the precipitates washed with 10 ml. of water and dissolved in 25 
ml. of n/20 hydrochloric acid. Samples of the original suspensions, the super¬ 
natant solutions and the solutions of the precipitates were then analyzed for pepsin 
nitrogen, total nitrogen, tyrosine equivalent and peptic activity by the hemo¬ 
globin method (7). Pepsin nitrogen was determined by titrating the samples to 
pH 2.0 with hydrochloric acid and keeping at 33°C. for 3 hours. Any foreign 
protein is digested under these conditions and the protein nitrogen remaining is 
determined as usual by precipitation with hot trichloracetic acid. This protein 
nitrogen is called pepsin nitrogen. It is essential that hot trichloracetic acid be 
added to the cold pepsin solution as otherwise the pepsin may autolyze while the 
solution is being heated. 

The tyrosine equivalent is determined by the development of the blue color with 
Folin’s reagent; 3 ml. of the solution is treated with the reagent and the measure¬ 
ment carried out exactly as for the hemoglobin filtrate in the pepsin determination 
with hemoglobin. This gives the number of milligrams of tyrosine which would 
give the same color as the tyrosine plus tryptophane contained in the unknown 
solution. 

The results of the analyses have been calculated to the basis of 1 
ml. of the original suspension. 

The results of the experiment are shown in Table I and Fig. 1. 
There is a sharp maximum of absorption at about pH 4.0 and in this 
range 90 per cent of the activity is found in the precipitate. Cor¬ 
respondingly about 90 per cent of the pepsin nitrogen is also in the 
precipitate. The pepsin nitrogen is identified by the fact that it is not 
digested if allowed to stand in acid solution and by its content of tyro¬ 
sine plus tryptophane (tyrosine equivalent) of about 0.64 mg. tyrosine 
per mg. pepsin nitrogen, while the tyrosine equivalent of edestin is 
about 0.34. In this experiment, owing to the low concentration of 
pepsin the specific activity of the precipitate is low and is only about 
3 or 4 per cent that of the crystalline pepsin. 

11 gm. of this preparation contained 0.65 gm. dry edestin, as calculated from the 
nitrogen content. 



TABLE I 

Absorption of Pepsin by Edestin from Crystalline Pepsin Solutions at Various pH 
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Control 

no 

0 

0 

0 

0 

0.34 

4.8 

0 

\ 

Control 

no 

edestin 

4.5 

0 

0.028 

0.028 

0 

0 

0.17 

0.17 

0.60 

0.20 

0.14 

5.9 

0 

0.027 

0.021 

O.OOS 

18 

0.38 

4.6 

0.05 

0.001 

5.6 

0.0015 

0.026 

0.020 

0.006 

22 

0.110 

0,04 

25 

0.18 

0.15 

0.64 

0.40 

4.6 

0.05 

0.0012 

5.5 

0.003 

0.027 

0.018 

0.008 

29 

0.084 

0.06 

37 

0.21 

0.13 

0.64 

0.41 

4,6 

0.045 

0.0017 

I 

1 

1 4.85 

1 0.006 
0.028 
0.010 
0.014 
52 

0.056 

0.09 

56 

0.18 

0.16 

0.54 

0.52 

4.5 

0.02 

0.003 

4.25 

0.012 

0.028 

0.0026 

0.025 

93 

0.017 

0.14 

87 

0.15 

0.18 

0.60 

0.80 

4.2 

0.003 

0.006 

3.63 

0.025 

0.026 

0.0006 

0.025 

93 

< 0.01 

0.15 

94 

0.17 

0.58 

1.36 

3.6 

0.0004 

0.007 1 

1 

00 

tN 

0.05 

0.027 

0.011 

0.016 

59 

0.056 

0.10 

63 

0.20 

0.16 

0.54 

3.1 

1.9 

0.004 

0.0085 

"O 

0.10 

0.027 

0.025 

0.002 

7.4 


0.2 

0.028 

0.025 

0.0016 

6 

0.14 

0.02 

12 

0.18 

0.08 

0.56 

4.3 

0.7 

0.006 
0.002 j 
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Fig. 1. Absorption of pepsin by crystalline edestin at varioiis pH 


II. Recovery of Crystalline Pepsin from Edestin-Pepsin Complex 

Experimental Procedure .— 

Frac¬ 

tion 

No. 

1000 gm. of Parke, Davis pepsin dissolved in 2500 ml. of water, pH about 5.0.... 1 

The solution cooled to 6°C. and 40 gm, crystalline edestin (La Roche) added, 
the suspension stirred for about 2 hours, filtered through fluted paper and 
the precipitate washed twice with water. Precipitate consisted of slightly 
deformed edestin crystals. The precipitate was suspended in water and 

titrated with hydrochloric acid to pH 2.5 and kept at 20®C. for 24 hours. 2 

A slight flocculent precipitate formed which was filtered off and suspended in 

n/50 hydrochloric acid. 3 

Filtrate allowed to stand at 6 °C. for 3 weeks. Dark, oily gum settled on the 
bottom; insoluble in alkali or acid and contained very little activity. 
Supernatant solution decanted from this gum and the protein precipitated 
by the addition of 1 volume of saturated magnesium sulfate and filtered. 
The precipitate was suspended in 8 ml. of water, warmed to 45®C. and 

dissolved by the addition of a few drops of n/ 10 sodium acetate. 7 

n/2 sulfuric acid added until slight cloud appeared and the solution allowed to 
cool slowly. Precipitate consisted of spheroids mixed with some amor¬ 
phous material and a few pepsin crystals. 8 
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Precipitate redissolved at 45°C. and recrystallized as above. Precipitate 


consists of pepsin crystals; dissolved in pH 5.0 sodium acetate. 11 

Filtrate. 10 


This filtrate was allowed to stand at 6®C. and after 2 weeks most of the pepsin 
had crystallized out 

The various fractions obtained in this way were analyzed for total nitrogen, 
pepsin nitrogen, tyrosine equivalent, and basic nitrogen and their activities 
determined by a series of methods (2). Basic nitrogen is determined by dissolving 
the sample in 5 m hydrochloric acid and heating in the autoclave at 120°C. for 2 
hours. Total nitrogen is then determined on 1 ml. of this solution; 2 ml. of solution 
is added to 2 ml. of a saturated solution of phosphotungstic acid in 5 m hydro¬ 
chloric acid and the mixture left 18 hours at 0°C. It is centrifuged and the total 
nitrogen determined on 2 ml. of the supernatant solution. The difference between 
this figure and the total nitrogen is the basic nitrogen. 

The results are tabulated in Table II and are expressed as the total 
nitrogen or activity present in the entire fraction. The results show 
that in this case about 1 per cent of the total activity and also of the 
pepsin nitrogen was taken up by the edestin. The edestin-pepsin had 
about one-half the activity of the original Parke, Davis pepsin on the 
basis of total nitrogen content, as determined by any of the methods 
used, except the gelatin viscosity method. The activity by the gelatin 
viscosity method is the same as that of the Parke, Davis pepsin so 
that the edestin has a slightly preferential affinity for the gelatinase 
fraction. After autolysis and precipitation with magnesium sulfate 
most of the activity is found in the precipitate which now has about 
one-half the specific activity, on a total nitrogen basis, of the crystal¬ 
line pepsin. This precipitate of amorphous pepsin when dissolved 
with alkali and then acidified and allowed to cool appears in the form 
of spheroids (“kugeln") mixed with a few crystals which have about 
the same specific activity as the amorphous precipitate. When these 
spheroids are dissolved and crj^tallized in the usual way normal pepsin 
crystals are obtained with the same specific activity as the ordinary 
crjrstalline pepsin except that they contain considerable gelatinase, as 
shown by higher specific activity as measured by the viscosity of 
gelatin. Once crystallized pepsin always contains more or less of this 
gelatinase fraction and four or five crystallizations are required to 
free the pepsin completely from the gelatin-splitting enzyme (9). 





TABLE n 

Analysis of Various Fractions 
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Edettin 


0.32 

35 

5 X crystal¬ 
line pepsin 

5/9/32 

0.20 

11.0 

1700 

1650 

0.5 

310 

44 X 10* 

0.20 

11 

1700 

1650 

0.5 

310 

44 X 10* 
0.67 

8 

Pepsin 

crystals 


11 

10 

1.6 

0.15 

28.5 

1450 

1250 

0.5 

200 

60 X 10* 

0.16 

31 

1500 

1360 

0.54 

220 

50 X 10* 
0.56 

6.7 

Filtrate 

o 

v-l 

10 

5 

1 

1 0.7 

! 

0.07 

6.2 

700 

786 

0.27 

160 

20 X 10* 

0.14 

12 

1500 

1400 

0.54 

300 1 

40 X 10* 
0.56 

Spheroids 

00 

35 

28 

4.2 

0.12 

12.7 

1100 

950 

0.33 

160 

30 X 10* 

0.15 

17 

1500 

1300 

0.46 

230 

40 X 10* 
0.50 

Amorphous 

pepsin 


116 

84 

12 

0.10 

12 

1000 

1000 

0.36 

180 

50 X 10* 

0.15 

16 

1450 

1320 

0.5 

250 

60 X 10* 
0.48 

“Edestin- 

pepsin” 


5000 

210 

35 

0.007 

2 

66 

72 

0.02 

13 

1.6 X 10* 

0.16 

40 

1500 

1500 

0.5 

290 

38 X 10* 

7.5 

p. D. pepsin 


1 

CS| 

20,000 

i 3000 

0.015 

2 

150 

170 

0.05 

30 

4 X 10* 

0.15 

18 

1400 

1500 

0.47 

280 

36 X 10* 
0.5 

8 
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When the specific activity is calculated on the basis of the pepsin nitro¬ 
gen content, i.e. protein nitrogen which is not destroyed upon standing 
in acid solution, the specific activity remains constant throughout all 
fractionations, as shown by the lower part of the table.* In other 
words, the content of pepsin protein present in every fraction is just 
sufficient to account for the observed activity. The fact that this 
protein nitrogen is really pepsin nitrogen and not edestin nor one of 
its decomposition products is shown by the fact that the tyrosine 
equivalent and the basic nitrogen content is that of pepsin and not of 
edestin. Identification is made complete by the actual recovery of 
typical pepsin crystals. The per cent actually recovered in crystalline 
form is rather small but is about what would be expected from a 



Fro. 2. Absorption of pepsin by crystalline edestin from solutions of Cudahy 
pepsin at various pH. 


solution containing such a large amount of protein decomposition 
products. 

The method of determining activity by formol titration of Dyckerhoff and 
Tewes was not used in general since it is very troublesome and inaccurate but the 


* It may be noted that the specific activity of this sample of Parke, Davis pepsin 
was only about one-half that usually found and also that the tyrosine equivalent 
per mg. nitrogen is slightly low. Both these results are due to the presence of an 
inert protein in this particular sample which is evidently carried through the 
adsorption procedure. This inert protein may be removed by allowing the 
solutions to stand longer in acid solution, but since there is a slight loss of activity 
under this condition this procedure could not be used for analytical purposes. 
The activity by some methods, especially edestin viscosity, differs from that pre¬ 
viously obtained (8) owing to variations in the edestin solution. 
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results with this method agree approximately with those given by Dyckerhoff and 
Tewes, as shown in Table III. The casein solution used was made up as described 
by Dyckerhoff and Tewes (5) for their “pH 4.0 casein.” However, the pH of this 
solution, as determined by the hydrogen electrode or quinhydrone electrode is 
about 2.35, although methyl-orange gives an apparent pH of about 4.0. Dycker¬ 
hoff and Tewes used the indicator method* for determining pH and their pH 
values are from 1 to 1.5 pH more alkaline than would be found by the hydrogen 
electrode method. This probably accounts also for the very alkaline optimum pH 
of digestion reported by these workers. Under the conditions used by Dyckerhoff 
and Tewes the casein is digested practically instantly, owing to the enormous con¬ 
centration of pepsin added and the titration obtained represents the final stages of 
the digestion. Under these conditions the change in titration with increasing 
pepsin concentration is very slight so that there is a very large error. On the other 
hand, if the first part of the curve is used the increase in titration is extremely 
small and difficult to determine. The large quantity of enzyme used renders it 
diflicult to obtain the initial titration since the reaction proceeds extremely rapidly 
at first and also renders it difficult to be sure that there is no change in pH of the 
casein solution caused by the addition of the pepsin. A number of very erratic 
results were obtained at first and were traced to marked changes in pH in the casein 
solution upon the addition of the pepsin. The table shows, however, that the 
activity of the various preparations agrees quite closely with that reported by 
Dyckerhoff and Tewes. 

It will be noted that 24 mg. of enzyme gives only about 0.2 ml. more titration 
in 24 hours than 6 mg. of enzyme, i.e, a difference of 400 per cent in the pepsin 
concentration makes a difference in titration of only 0.2 ml. so that since the error 
in the titration is about ± 0.05 ml. there is an uncertainty of nearly 100 per cent 
in the method. The preparation of Cudahy pepsin used by Dyckerhoff and 
Tewes was apparently slightly more active than that used in the present ex¬ 
periments. 

III. Extraction of Pepsin from ^^Edestin-Pepsin^^ with Sulfuric Acid 

If edestin-pepsin prepared by absorbing pepsin with crystalline 
edestin is stirred at O^C. with sulfuric acid at pH about 1.0, the pepsin 
dissolves out leaving inactive edestin crystals. The results of such 
an experiment are shown in Table IV. A preparation of ‘edestin- 
pepsin’^ of relatively low activity was used purposely since it would be 
expected that a small amount of pepsin would be removed with more 
difficulty than a larger amount. The experiment shows that 80 per 
cent of the activity and of the pepsin nitrogen is removed from the 


* Personal communication from Drs. Dyckerhoff and Tewes. 



TABLE m 

Hydrolysis of Casein by Various Pepsin Preparations 


JOHN H. NORTHROP 


175 





176 


PEPSIN ABSORPTION BY CRYSTALLINE PROTEINS 


“edestin-pepsin” by the first extraction with sulfuric acid. The three 
following extractions remove practically all the remaining activity 
and pepsin nitrogen so that finally a little more than 90 per cent of 
the total original activity is recovered in the washings. The con¬ 
centration of pepsm nitrogen in the second, third and fourth washings 
and in the final solid are too small to be accurately determined owing 


TABLE IV 


Exiraclion of Pepsin from Edestin-Pepsin 



Total 

N/ml. 

Pepsin 

N/ml. 


[PU]Sg.N 

[!*• H'lmg. pepsin N 

pH 


Mg. 

Mg. 





0.5 gm. “edestin-pepsin” + 10 

10 

0.30 

0.05 

0.005 

0.17 

0.8 

ml. n/ 4 sulfuric acid. 

Stir at 0°C. for 20 min. 






i 

Centrifuge—supernatant 
Precipitate stirred + 10 ml. n/10 

1.3 

0.23 

0.038 

0.029 

0.165 


sulfuric acid. 







Centrifugfr—supematant 
Precipitate stirred + 10 ml. n/10 

1.3 

0.02 

0.003 

0.0025 

0.15 


sulfuric acid. 







Centrifuge—supernatant 
Precipitate stirred + 10 ml. n/10 

1.4 

0.02 

0.0024 

0.0017 

0.12 


sulfuric acid. 

Centrifuge—supernatant 

1.2 

0.02 

0.0020 

0.0016 

0.10 


Precipitate + 10 ml. water-sus¬ 

4.5 

0.02 

0.001 

0.0002 

0.05 


pension edestin crystals 







Total [P. in washings 



0.454 




in precipitate 



0.010 







0.464 




Total original [P. 



0.50 





to the difficulty of completely digesting such a large excess of inert 
protein. Attempts to separate the complex by extraction or washing 
at pH 5.0 to 6.0, where pepsin itself is very soluble and edestin is 
insoluble, were not successful. If anything, the specific activity of the 
precipitate increases. Evidently the pepsin edestin complex is less 
soluble than edestin alone. 
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IV. Effect of the Concentration of Pepsin on the Absorption of Pepsin by 

Edestin at pH 4.0, 6°C. from Crystalline Pepsin Solutions 

Experimental Procedure .—About 10 gm. of twice crystallized pepsin was stirred 
in 75 ml. of water and n/2 sodium hydroxide added until the solution was at pH 
4.0 (clear solution). The solution was diluted with water to the concentrations 
noted in Table V, cooled to 6®C. and 20 ml. of the various dilutions added to a series 
of suspensions of 1 gm. of edestin in 5 ml. n/10 sulfuric acid in 250 ml. Erlenmeyer 
flasks; the suspensions were stirred occasionally and left at 6®C. for 18 hours. 
They were then centrifuged and the precipitates washed with 20 ml. cold water, 
dissolved in 25 ml. n/20 hydrochloric acid and allowed to stand at 24°C. for 24 hours. 
The solutions were then analyzed for peptic activity by the hemoglobin method, 
protein nitrogen, total nitrogen and tyrosine equivalent. 

The results of the experiment are shown in Table V and Fig. 3. As 
the concentration of pepsin is increased the quantity of pepsin in the 
edestin crystals increases until a maximum value is reached which in 
this case corresponds to about 10 per cent pepsin. As usual, the 
pepsin protein taken up by the precipitate is just equivalent to the 
activity found in the precipitate. The pepsin protein has the char¬ 
acteristic tyrosine equivalent of pepsin and also the characteristic 
specific activity.^ 

V. Effect of the Pepsin Concentration on the Absorption of Pepsin by 
Crystalline Edestin from Solutions of Cudahy Pepsin at pH 4.0 at 6°C. 

Experimental Procedure.—100 gm. Cudahy pepsin dissolved in 100 ml. water 
and the solution diluted with water to the concentrations noted and cooled to 6°C. 
1 gm. of edestin in 5 ml. of n/10 suUuric acid added to 20 ml. of the various pepsin 
solutions, stirred for 20 minutes and kept at 6°C. for 18 hours; pH of all solutions 
about 4.0. The supernatant was then centrifuged and the precipitate washed with 
20 ml. water and dissolved in 25 ml. n/20 hydrochloric acid. The original sus¬ 
pension and the solution and precipitate were analyzed for total nitrogen, pepsin 
nitrogen and activity by the hemoglobin method. 

The results have been calculated to the basis of 1 nil. of the original 
suspension and are given in Table VI and Fig. 3. 

When Cudahy pepsin is used the activity of the precipitate increases 
to a maximum which, however, is considerably higher than was the 
case in the experiment with crystalline pepsin solutions. The pepsin 


^ See footnote, page 173. 
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No edestin 

0.15 

0.16 

0.60 

No pepsin 

4.8 

0.34 

5.10 

0.12 

0.020 

0.012 

60.0 

0.13 

5.1 

0.0025 

0.10 

2.6 

0.16 

5.00 

0.24 

0.048 

0.024 

50.0 

0.18 

5.0 

0.005 

0.14 

0.60 

3.6 

0.22 

5.50 

0.47 

0.085 

0.049 

57.0 

0.30 

5.1 

0.01 

0.16 

0.60 

6.0 

0.38 

6.00 

0.93 

0.17 

0.078 

46.0 

0.48 

5.2 

0.015 

0.16 

0.58 

9.0 

0.52 

7.00 

1.87 

0.33 

0.080 

24.0 

0.56 

5.0 

0.016 

0.14 

0.57 

11.0 

0.74 

9.00 

3.75 

0.65 

0.070 

11.00 

0.49 

5.2 

0.014 

0.14 

0.60 

10.0 

0.66 

12.5 

7.5 

1.3 

0.071 

5.5 

0.43 

5.1 

0.014 

0.17 

0.60 

9.0 

0.59 

20.00 

15.00 

2.60 

tn ^ iv A k 4 

o »0 T-4 Q VO 

o o ^ ^ovo 

o o o ood 

Total N/ml.m^. 

« . Pepsin N/ml., . . 

Suspension 

u-U. 

Per cent total activity in precipitate. 

Pepsin N/ml., mg . 

Total N/ml., mg . 

P. U.] .. 

mg. N 

[P. U.]®^ . .. 

mg. pepsm N 

Tyrosine equivalent/mg. pepsin N. 

Per cent pepsin in precipitate. 

Mols pepsin/mols edestin. 

Precipitate ^ 
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nitrogen absorbed is again equivalent to the activity taken up by the 
precipitate. It will be noted that in this experiment the specific 
activity of the precipitate, calculated to the basis of pepsin nitrogen, 
is about 0.2 which is the usual value for crystalline pepsin, whereas in 
the preceding experiment it was only about 0.16. T his is due to the 
fact that the crystalline pepsin used in the previous experiment was 
prepared from a commercial preparation which was peculiar in that it 
contained about 20 per cent of an inert protein very similar to pepsin 



Fig. 3. Effect of the concentration of pepsin on the absorption of pepsinjby 
edestin from solutions of crystalline pepsin or Cudahy pepsin. 

itself and which could only be removed by five or more fractional 
crystallizations or by prolonged standing in acid solution. The 
preparation used in the experiment referred to had not been purified by 
fractional crystallization since it seemed possible that absorption by 
edestin might serve as a means of removing this inert protein. The 
results, however, show that this is not the case but that the inert 
protein is absorbed by the edestin to the same extent as the active 
enzyme so that the specific activity is not changed by the edestin 
treatment. The specific activity on a total nitrogen basis of the 
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Molspepsin/molsedestin. 0,52 1.8 2.0 1.7 1.5 0.56 

fP.U.l®’ . .. 0.21 0.22 0.22 0.24 0.20 0.22 0 0.20 
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“edestin-pepsin” prepared with Cudahy solution is about one-third that 
of crystalline pepsin and is, therefore, nearly twice as high as that of 
the original Cudahy pepsin. This is near the maximum activity 
obtained in any experiment in which crjrstalline edestin was treated 
with pepsin solutions. It corresponds to about 30 per cent pepsin 
which is equivalent to about 3 moles of pepsin to 1 mole of edestin or 
about one-half an equivalent of pepsin per equivalent of edestin. 
The results of both experiments are shown in Fig. 3. 

The low activity of the precipitate in the experiment with crystal¬ 
line pepsin is due to some accidental condition, such as stirring or 
length of time in which the edestin was in contact with the sulfuric 
acid since in other experiments “edestin-pepsin” which had a much 
higher activity was prepared from crystalline pepsin solutions. 

VI. Changes in Edestin-Pepsin Suspensions with Time 

In the preceding experiments the edestin crystals were stirred with 
the pepsin solutions for a few minutes and then allowed to stand at 
6°C. for 18 hours. In the present experiment the suspension was 
stirred for about 1 hour at 0°C. and then continued at 30°C. in order to 
accelerate the reaction so that it would be completed in a convenient 
time. The results of the experiment are shown in Fig. 4. 

Experimental Procedure .—Pepsin solution, twice crystallized, pH 4.0. Edestin 
solution, crystalline (La Roche). 5 gm. edestin stirred with 20 ml. cold n/10 
sulfuric acid and 80 ml. cold pepsin solution added. Suspension stirred at O^C. 
for 1 hoiu: and then at SS^C. 5 ml. samples centrifuged at intervals and precipitate 
dissolved in S ml. n/SO hydrochloric acid. Suspension, supernatant and precipi¬ 
tate analyzed for total nitrogen, total protein nitrogen, pepsin nitrogen and 
activity by hemoglobin method. 

Total protein nitrogen: 1 ml. of solution plus 9 ml. boiling 5 per cent trichlor¬ 
acetic acid, cool, centrifuge, and wash precipitate with 5 per cent trichloracetic 
acid and nitrogen determined. 

Pepsin nitrogen: 1 ml. plus 9 ml. n/20 hydrochloric acid, 37°C. for 3 hours. 
S ml. plus 5 ml. boiling 10 per cent trichloracetic acid and precipitate washed and 
analyzed for nitrogen. 

Total protein nitrogen — pepsin nitrogen = edestin nitrogen. 

Activity: Solution diluted to contain about 0.01 mg. pepsin N/ml. and activity 
determined by hemoglobin method. 
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All results calculated to the basis of 1 ml. of original suspension. Composition 
of original suspension calculated from analysis of pepsin and edestin alone. 



yfhpi -JO’C 

Fig. 4. Autolysis of edestin-pepsin suspensions with time. 


In the first few minutes pepsin nitrogen and the corresponding 
amount of activity are taken up by the edestin crystals and there is a 
corresponding loss from the filtrate. As the reaction proceeds the 
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quantity of precipitate becomes gradually less, the loss being due to 
loss of edestin nitrogen. The pepsin nitrogen and activity in the 
precipitate decrease, and increj^ to a corresponding extent in the 
filtrate. The specific activity of the precipitate, however, continues 
to increase and reaches a value of about one-half that of crjrstalline 
pepsin at the end of 24 hours. At this time there is only a very gmgll 
amount of precipitate left and the solution is practically a solution of 
pepsin containing digested edestin. It will be noted that there is 
practically no change in the total activity or total pepsin nitrogen of 
the whole suspension at any time. 

VII. Changes in Protein Nitrogen and Peptif A^thj^ty during Autolysis 
of Edestin-Pepsin at pH 1.5 and 35°C. 

In the preceding experiment the edestin-pepsin autolyzed at about 
pH 4.0. If the edestin-pepsin is dissolved in hydrochloric acid the 
edestin is destroyed much more rapidly. 

Experimental Procedure .— 2 gm. crystalline edestin suspended in 10 ml. of n/10 
sulfuric acid, cooled to 0°C. and poured into 40 ml. of a solution of cold, twice 
crystallized pepsin pH 4.0 containing 15 mg. of pepsin nitrogen per ml. Suspen¬ 
sion stirred for 20 minutes, centrifuged and the precipitate washed with 20 ml. 
cold water. The precipitate stirred with 20 ml. water and titrated to pH 1.5 with 
N hydrochloric acid; clear solution; total volume about 35 ml. This solution was 
placed at 35‘’C. and analyzed at intervals for total protein nitrogen, pepsin nitrogen 
and peptic activity by the hemoglobin method. 

The results of such an experiment are shown in the lower part of 
Fig. 5. As in the preceding experiment there is no change in the total 
activity of the solution as a whole nor in the quantity of pepsin 
nitrogen present. The total protein nitrogen decreases rapidly and is 
practically reduced to the value of the pepsin nitrogen in 1 hour. The 
specific activity calculated on the basis of total protein nitrogen, 
therefore, increases rapidly and soon reaches the characteristic value 
for pepsin itself. In the upper part of the figure is shown the result of 
autolysis of a solution of pure pepsin. It is evident that the course 
of the reaction is entirely different. In this case the activity de¬ 
creases in proportion to the total protein nitrogen (pepsin nitrogen) 
instead of re mainin g constant as is the case with “edestin-pepsin” 
preparations. As a result the specific activity calculated on a protein 
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Fig. S. Autolysis of pepsin (upper part) and of edestin-pepsin (lower part) in 
acid solution at 3S®C. 
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nitrogen basis remams constant in the case of a solution of pepsin 
mstead of increasing rapidly as in the case of a solution of “edestin- 
pepsin.” Autolysis, therefore, serves to hydrolyze the edestin from 
the “edestin-pepsin” and leaves the pepsin. It will be noted that a 
solution of pure pepsin loses considerable activity whereas there is 
very little loss in activity from the “edestin-pepsin” solution. This is 
due to the protective effect of the products of digestion on the enzyme, 
probably through the formation of an additional compound of the 
enzyme with the products of hydrolysis of the edestin. 

VIII. Preparation of Edestin-Pepsin from Edestin and Pepsin Solutions 

at Various pH 

Experimental Procedure .—1 ml. of a 10 per cent solution of edestin in S per 
cent sodium chloride added to 10 ml. various concentrations hydrochloric acid and 
cooled to 0°C. 1 ml. of a solution of twice crystallized pepsin containing 1 mg. 
pepsin nitrogen per ml. added; precipitate appears. The suspensions kept at 0°C. 
for J hour, centrifuged and the precipitates washed once with 5 ml. cold water 
and dissolved in 10 ml. n/50 hydrochloric acid. The precipitate solutions were 
then analyzed for total nitrogen, pepsin nitrogen and peptic activity by the 
hemoglobin method. The edestin nitrogen is calculated as the difference between 
the total protein nitrogen and pepsin nitrogen. The results have been calculated 
to the basis of 1 ml. of the original suspension. 

In the preceding experiments the edestin-pepsin was prepared by 
suspending edestin crystals in cold pepsin solutions. As shown by 
Dyckerhoff and Tewes, more active preparations may be prepared by 
mixing edestin solutions with pepsin solutions. The results of an 
experiment of this kind in which solutions were mixed at various pH 
are shown in Fig. 6. The figure shows that, as in the case of the 
absorption experiments, there is a sharp maximum at about pH 3.6. 
The quantity of pepsin nitrogen found in the precipitate is again 
equivalent to the activity of the precipitate and at the maximum 
amounts to 50 per cent of the precipitate. The specific activity of the 
precipitate at this point, therefore, is one half that of pepsin itself. 
As the pH becomes more and more alkaline the quantity of precipitate 
increases rapidly as does the per cent of edestin in the precipitate until 
beyond pH 5.0 the precipitate is practically all edestin. 
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Fig. 6 . Formation of edestin-pepsin from edestin and pepsin solutions at 
various pH. 


IX. Effect of the Relative Concentrations of Pepsin and Edestin on the 
Composition of Edestin-Pepsin at pH 3.8 and 0°C. 

Experimental Procedwe .—Solutions of pepsin and edestin containing 2 mg* 
nitrogen per ml. each, both at pH about 3.8 prepared and cooled to 0°C. A series 
of tubes was prepared containing 1, 2, 3, 4, 5, 6, 7, 8, 9, or 10 ml. pepsin solution 
and the total volume of the various tubes made up to 10 ml. with edestin solution. 
The tubes were kept at O^G. for 1 hour, centrifuged and the precipitates washed 
with 10 ml. water and dissolved in 10 ml. n/20 hydrochloric acid and analyzed for 
total nitrogen, pepsin nitrogen and peptic activity by the hemoglobin method. 
The edestin nitrogen was calculated as the difference between total protein nitrogen 
and pepsin nitrogen. The results were calculated on the basis of 1 ml. of the origi¬ 
nal suspension. 
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The results of an experiment in which the relative quantity of 
pepsin and edestm were varied is shown in Fig. 7. Here the composi¬ 
tion of the precipitate has been plotted against the composition of the 
original solutions. As the concentration of pepsin increases, the 
quantity of precipitate, its specific activity and its total activity, as 
well as the quantity of pepsin nitrogen, all increase and reach a maxi¬ 
mum corresponding to equivalent amounts by weight of edestin and 
pepsin. As the concentration of pepsin is increased still further the 
quantity of the precipitate decreases but its specific activity and the 
proportion of pepsin in it increase slightly and then stay constant. 
The precipitate formed under these conditions consists of nearly three 
equivalents pepsin per equivalent edestin or three parts pepsin by 
weight per one of edestin since pepsin and edestin have the same 
equivalent weight. This corresponds to nearly 15 moles of pepsin 
per mole of edestin. 

The results indicate that a definite compound is formed between the edestm 
and the pepsin. The isoelectric point of edestin is about pH 6.0 while that of 
pepsin is about 2.7 (11) so that within this range of acidity the edestin is present 
as a positive ion while the pepsin is present as a negative ion. According to 
Hitchcock (12) 0.45 gm. of edestin combines with 0.55 milliequivalents of acid. 
1 gm. of edestin is slightly more, therefore, than 1 milliequivalent. 1 gm. of pepsin 
combines with 1.1 milliequivalent of alkali so that 1 gm. of pepsin is also slightly 
more than 1 milliequivalent. It is possible to determine from the titration curves 
of the two proteins what per cent of the protein is ionized at any pH. If this is 
done and it be further assumed that the positive edestin ions react with the nega¬ 
tive pepsin ions to form a slightly soluble compound, then the position of the 
maximum near pH 4.0 is correctly predicted. Since the precipitate, however, has 
varying composition it is not possible to account for its formation on this simple 
basis. If a series of compounds is assumed it is possible to fit the curves quite 
closely but so many arbitrary constants are involved that the results are not very 
convincing. It is evident, however, as the writer has pointed out previously (4), 
that the formation of this complex is not very closely connected with the hydrolysis 
of the edestin since the pH corresponding to the maxirnmn complex formation is 
around 4.0 while the maximum from the rate of digestion is near pH 2.0. It is 
probable that the reaction is quite similar to that between proteins and ordinary 
nucleic acids (14) and is not especially connected with the proteolytic activity of 
the pepsin. Unfortunately experiments cannot be carried out with inactivated 
pepsin since inactivated pepsin is insoluble through this range of pH. 

It may be pointed out that in the preceding experiments the concentrated 
solutions of commercial pepsin used were highly supersaturated with regard to 




Milliequivalents Pepsin per liter 

» - * - - *- . 1 

0 *5 1.0 1.5 ZO 

Mtf: Pepsin N per ml. 

I-1---1_I_I 

24) 1.5 1.0 .5 0 

Mtf. Edestln N per ml. 

I-1- 1 -1-» ^ 

14.0 10.5 7.0 3.5 0 

Milliequivdlents Bdestin per liter 

Fiq. 7. Effect of the relative quantities of pepsin and edestin on the formation 
of edestin-pepsin at pH 4.0. 
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pepsin since the solubility of crystalline pepsin is quite low from pH 2.5 to 1>H 4.0. 
If concentrated solutions of crystalline pepsin had been used the results would 
have been entirely different since the pepsin would be precipitated from the more 
acid solutions even without the edestin. Commercial preparations of pepsin 
contain some substances, probably protein split products, which prevent the 
precipitation of the pepsin protein and render very highly supersaturated solutions 
quite stable. However, if a 10 per cent solution of Cudahy pepsin, between pH 
3.0 and 4.0 is inoculated with pepsin crystals and allowed to stand at 6°C. for 
several weeks quite an appreciable quantity of pepsin crystallizes out. 

X, Absorption of Pepsin by Melon (Cncumis) Globulin {15) 

The preceding experiments were done with edestin but exactly similar 
results may be obtained with globulin from melon seed {Cucumis) as 
reported by Waldschmidt-Leitz and Kofranyi (6). 


TABLE VII 

Absorption of Pepsin by Melon {Cucumis) Globulin 



Total 
nitrogen 
per ml. 

Pepsin 
nitrogen 
per ml. 


[^'^‘]mR. pepsin N 

Pepsin solution. 

mg, 

0.067 

mg. 

0.056 

0.009 

0.16 

First supernatant. 

0.054 

0.050 

0.007 

0.14 

Second supernatant. 

0.037 

0.042 

0.007 

0.17 

0.20 

Third supernatant. 

0.066 

0.024 

0.005 

Combined precipitates. 

0.030 

0.005 

0.165 




Experimental Procedure, —100 ml. of a solution of twice crystallized pepsin con¬ 
taining 0.37 mg. pepsin per ml. pH about 3.5 cooled to 0°C. and 100 mg. of crystal¬ 
line Cucumis globulin added. The suspension was stirred for 10 minutes and 
centrifuged. 100 mg. of globulin was added to the supernatant and the process 
repeated. The supernatant was again extracted with 100 mg. of globulin. The 
precipitates were combined, dissolved with n/50 hydrochloric acid, the solution 
titrated to about pH 2.0 with hydrochloric acid and made up to 100 ml. and allowed 
to digest at 37°C. for 4 hours. The supernatant solutions and the solution of the 
precipitate were then analyzed for total nitrogen, pepsin nitrogen and peptic 
activity by the hemoglobin method. 

The results of an experiment in which a solution of crystalline 
pepsin was treated with successive quantities of melon globulin are 
shown in Table VII. As the table shows, about half the total activity 
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is removed from the solution by the crystalline globulin and at the 
same time a corresponding quantity of pepsin nitrogen is also removed. 
The total nitrogen content of the solution decreases at first and then 
increases as some of the globulin dissolves and in this particular experi¬ 
ment it happens to be practically the same after three extractions as 
it was originally. This is the result which was reported by Wald- 
schmidt-Leitz and Kofrinyi from dry weight determinations and 
which led them to the conclusion that the active group had been 
removed from the pepsin protein and the inert protein left in solution. 
As the present experiments show, however, this is not the case. A 
quantity of pepsin protein equivalent to the activity removed is taken 
up by the foreign protein and there is no evidence that the pepsin is 
decomposed into an inert protein and an active group. 


TABLE VIII 

Absorption of Pepsin by Gelatin at Various pH 


pH. 

4.65 

4.65 

4.0 

3.4 

3.0 

2.0 

Gelatin, gm . 

0 

2.5 

1.0 

1.0 

1.0 

1.0 

Pepsin solution, ml . 

0,5 

0.5 

1.0 

1.0 

1.0 

1.0 

[P. supernatant. 

0.0074 

0.0029 

0.0071 

0.0091 

0.0083 

0.013 

[^' ^Oml! «clatin. 


0.05 

0.034 

0.024 

O 

d 

0.016 

Pepsin nitrogen in gelatin, mg . 

0 

0.25 

0.16 

0.13 

0.10 

0.078 

[P. U.]^^ pepsin nitrogen in gelatin. 

[P. U.]JU gelatin 


0.20 

0.21 

0.185 

0.22 

0.20 

Ratio - .. 

P* ^*]ml supcraatant 


17.0 

5.0 

2.6 

2.6 

1.2 


XI. Absorption of Pepsin by Gelatin at Various pH 

Experimental Procedure .—A series of suspensions of powdered isoelectric 
gelatin in various concentrations of hydrochloric acid, total volume 50 ml. was 
prepared and cooled to 6°C. for } hour. 1 ml. of dilute crystalline pepsin solu¬ 
tion was added and the suspension stirred for } hour and filtered. The gelatin 
precipitates were melted at 37®C. and the solutions analyzed for pepsin nitrogen 
by precipitation with hot trichloracetic acid and peptic activity by the hemo¬ 
globin method. 

In the experiments with gelatin reported previously (4), the activity 
alone was followed and no determinations were made of the changes 
in pepsin nitrogen since at that time it was not known that the activity 
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was a property of the pepsin protein. The experiments have, there¬ 
fore, been repeated and determinations made of the pepsin protein in 
the gelatin as well as of the activity. The results of the experiment 
are shown in Table VIII. As in the experiments with edestin, the 
quantity of pepsin protein taken up by the gelatin is just equivalent 
to the activity found in the gelatin so that in this case also the pepsin 
protein itself is taken up by the foreign protein. It will be noted that 
much more is taken up with isoelectric gelatin than by acid gelatin. 
This peculiarity was noted before (4) and was found to be due to 
surface adsorption on isoelectric gelatin whereas with acid gelatin the 
quantity taken up was independent of the surface. 

XII. Inactivation of Pepsin by Alkali in the Presence of Edestin 

Warburg and Christian (13) have found that the respiratory ferment 
decomposes into a protein and a non-protein fraction when the protein 


TABLE IX 

Inactivation of Pepsin by Alkali in the Presence of Edestin 


pH. 

5.0 

5.6 

8.0 

m TT iHh f^^Edestin pepsin^*. 

0.0074 

0.0072 

0.001 

L * Jml. 1 Pepsin solution. 

0.0075 

0.0073 

0.0008 



is denatured. Hemoglobin also possesses the same peculiarity. It 
seemed possible, therefore, if the pepsin were denatured by alkali in 
the presence of edestin, which is not affected by dilute alkali, that the 
active group might leave the pepsin and become attached to the edestin. 
In this case it would be expected that a loss in activity of pepsin 
solutions containing edestin in alkali would be less than the loss in 
activity of pure pepsin solutions at the same pH. This, however, is 
not the case as shown in Table IX. Evidently either pepsin does not 
decompose into two parts when the pepsin protein is denatured or if 
it does the prosthetic group has no activity under these conditions and 
edestin cannot replace the pepsin protein. The fact that active pepsin 
can be prepared from pepsin denatured by alkali indicates that 
splitting of the molecule does not occur although the jdeld of active 
pepsin is so small as to render this argument more or less inconclusive. 
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Experimental Procedure ,—100 mg. of edestin suspended in 10 ml. of water and 
1 ml. dilute crystalline pepsin solution added. Increasing amounts of alkali 
added to a series of these tubes and the suspension allowed to stand at 25'’C. for 
10 minutes. Control series without edestin prepared in the same way. The 
pepsin activity determined by the hemoglobin method. 

XIII. Spheroidal Pepsin 

Dyckerhoff and Tewes found that an active precipitate could be 
obtained from autolyzed edestin-pepsin or from partly autolyzed 
pepsin solutions which appeared in the form of spherical, highly refrac- 
tile granules which they called “kugeln” pepsin. These spheroids are 

TABLE X 


Spheroids 


Fraction No. 

(1) 

Spheroids 

(S) 

Crystals 

plus 

amorphous 

(6) 

Filtrate 

Original 

twice 

crystallized 

pepsin 

N/ml., mg, 1 

'Total. 

12.0 

0.60 

4.1 


[Protein. 

9.5 

0.45 

3.7 



f/ral. 

1.8 

0.066 

0.71 


(P. u.l”'» 

/mg.N. 

0.15 

0.11 

0.17 

0.17 


[/mg. protein N. 

0.19 

0.15 

0.19 

0.19 


[/ml. 

160 

20 

56 


[P. U.]®*'- 

/mg. N. 

13.3 

33 

13.5 

10 


[/mg. protein N. 

17 

44 

15 

12 


f/ml . 

11,500 

380 

3,800 


[P. U.]^“V- . 

/mg. N. 

960 

630 

930 

1,00Q 


[/mg. protein N . 

1,200 

850 

1,030 

1,100 


characteristic of proteins which are not sufficiently purified or which 
appear under unfavorable conditions for crystallization. The spheroids 
obtained from autolyzed “edestin-pepsin” solutions consist, as described 
under Experiment 2, almost entirely of pure pepsin with var 3 dng 
amounts of some form of non-protein nitrogen. The same precipitate 
may be obtained from pepsin solutions which have been allowed to 
stand and which are too acid and too dilute for crystallization to take 
place readily. They may be obtained as characteristic pepsin crystals 
by dissolving with alkali, precipitating rapidly in the amorphous form 
with sulfuric acid and crystallizing as usual. The results of such an 
experiment are shown in Table X. 
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Experimental Procedure .—15 gm. twice crystallized pepsin fUter cake dissolved 
in 200 ml. water at 45®C. and 5 ml. n/2 sodium hydroxide added (clear solution); 
10 ml. n/2 sulfuric acid added, precipitate forms (pH 2.4) and suspension left at 
6®C. for 24 hours. Precipitate small spheroids, filter, 10 gm. cake (1). 50 ml. 
water and 4 ml. n/2 sodium hydroxide added to (1) (clear solution). 3 ml. n/2 
sulfuric acid added, slight precipitate, (spheroids), suspension cooled slowly to 
20®C. Filter, precipitate (2) 5 gm. (2) spheroids dissolved in IS ml. water and 
1 ml. n/2 sodium hydroxide added (clear solution) (3). (3) titrated to pH 3.0 

with sulfuric acid and cooled to fi^C., amorphous precipitate, filter and precipitate 
dissolved at 45°C. with sodium hydroxide. Solution titrated to pH 3.5 with sul¬ 
furic acid, cooled slowly to 6°C. for 4 days. Precipitate of poor crystak formed. 
Filter and precipitate dissolved in n/50 pH 5.0 acetate (5). Filtrate (6). 

The activity was determined by several methods. The specific 
activity calculated on the basis of protein nitrogen is constant for the 
hemoglobin and casein method in all the fractions but is slightly low 
as calculated on the basis of total nitrogen. The specific activity, as 
determined by the gelatin viscosity, is high as is always the case when 
a small fraction is precipitated from incompletely purified pepsin 
solutions since the gelatinase is concentrated in such precipitates. 

The analytical work reported in this paper was done by Mr. N. 
Wuest. 


SUMMARY 

Crystalline proteins, such as edestin or melon globulin, remove pepsin 
from solution. The pepsin protein is taken up as such and the 
quantity of protein taken up by the foreign protein is just equivalent 
to the peptic activity found in the complex. The formation of the 
complex depends on the pH and is at a maximum at pH 4.0. 

An insoluble complex is formed and precipitates when pepsin and 
edestin solutions are mixed and the maximum precipitation is also at 
pH 4.0. The composition of the precipitate varies with the relative 
quantity of pepsin and edestin. It contains a maximum quantity of 
pepsin when the ratio of pepsin to edestin is about 2 to 1. This complex 
may consist of 75 per cent pepsin and have three-quarters of the 
activity of crystalline pepsin itself. The pepsin may be extracted 
from the complex by washing with cold n/4 sulfuric acid. If the 
complex is dissolved in acid solution at about pH 2.0 the foreign 
protein is rapidly digested and the pepsin protein is left and may be 
isolated. 
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The pepsin protein may be identified by its tyrosine plus tr 3 rpto- 
phane content, basic nitrogen content, crystalline form and specific 
activity. 
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ELECTRICAL RESPONSES FROM THE LATERAL-LINE 
NERVES OF FISHES 

IV. The Repetitive Discharge* 

By HUDSON HOAGLAND 

{From the Physiological Laboratory, Clark University, Worcester) 
(Accepted for publication, July 19,1933) 

I 

The electrical responses from lateral-line nerves of trout and catfish 
have been described in earlier papers (Hoagland, 1932-33 a, b, 1933- 
34). These nerves normally appear to be in a state of vigorous 
activity, discharging impulses in the absence of externally applied 
stimuli. Modification of the spontaneous discharge during stimula¬ 
tion of the sense cells (neuromasts) served as an index of the recep¬ 
tivity of these cells to mechanical stimuli and of the effects of tem¬ 
perature. 

In addition to nerve impulses initiated from the receptor cells a dis¬ 
charge of impulses sometimes arises spontaneously from damaged 
nerve endings of the lateral-line fibers. This discharge resembles that 
from the neuromasts. Discharges from both of these sources, es¬ 
pecially in trout lateral-line nerves, may become synchronized. Prop¬ 
erties of this synchronized response are quite definite and may mimic 
those of a single functional unit. The present paper discusses the dis¬ 
charge from the neuromasts and that due to injury, as well as the 
synchronized discharge. The possible pace-making process involved 
in the synchronization is also considered. 

The nature of mechanisms underlying the repetitive discharge of 
nerve impulses from tissues maintaining states of excitation is an im¬ 
portant problem for nervous system dynamics. Contributions to its 
development are desirable for the advancement of a general physiol- 

* The expenses of this work have been defrayed, in part, by a grant from the 
Permanent Science Fund of the American Academy of Arts and Sciences. 
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ogy of the receptors and are also significant in the investigation of 
central nervous phenomena encountered in the study of spinal reflexes, 
such typically as excitation, inhibition, occlusion, facilitation, and 
after discharge. 

Sherrington has accounted for these phenomena in terms of central excitatory 
and inhibitory states which may sum algebraically, essentially as specific chemical 
entities, facilitating or inhibiting the passage of impulses across synapses (cf. 
Creed, Denny-Brown, Eccles, LiddeU, and Sherrington, 1932). 

Adrian (1928, 1932) and other workers have shown great differences in the 
abilities of receptors to discharge nerve impulses in response to constant stimula¬ 
tion. Superficial tactile receptors adapt very rapidly, giving only a few impulses 
in response to a constantly applied pressure (Adrian, Cattell, and Hoagland, 1931; 
Cattell and Hoagland, 1931; Hoagland, 1932-33 c) while muscle spindles adapt much 
more slowly, initiating impulses in their nerve fibers for a minute or more during a 
constant tension on the muscle (Matthews, 1931a, b). The spontaneously dis¬ 
charging lateral-line receptors seem to be end-organs which essentially show no 
adaptation. It is as if normal metabolic processes occurring in these receptors 
were capable of maintaining an excitatory state such that nerve impulses are 
initiated at a frequency determined by the excitatory process. A somewhat 
similar state of affairs appears to be maintained in the respiratory centers of 
animals, since Adrian (1931) has shown that the brain stem of the goldfish when 
removed from the body undergoes rhythmic and ‘‘spontaneous” changes of po¬ 
tential at a frequency corresponding to the normal opercular breathing rhythm. 
Adrian (1931) haS^also shown that the thoracic and abdominal ganglia of the 
beetle Dytiscus tnarginalis periodically show variations in potential independently 
of afferent control. The electrical variations produce corresponding bursts of 
impulses from nerves connected with the ganglia. A similar rhythmicity of the 
respiratory center of mammals and its fundamental independence of afferent 
control has been demonstrated by Bronk and Ferguson (1933). Lillie (1929) 
has been able to make a model of a receptor with its attached nerve fiber from the 
well known iron wire, nitric acid system. By covering a part of the wire with glass 
tubing he so limited the diffusion of acid, and hence the recovery process, of the 
glass-sheathed wire that continuous oxidation of the iron took place within the 
tube. This continuous action was found to set up rhythmic discharges of im¬ 
pulses over the acid-immersed wire outside of the tube as fast as it recovered from 
the refractory period following each impuke. 

Adrian (1930) described types of repetitive and rhythmic discharges of impulses 
arising from injured mammalian nerve fibers. He found that when several injured 
fibers were discharging repetitively the impulses may become synchronized, and 
he concluded that the synchronization is probably due to the superimposed stimu¬ 
lating effect of action currents of one fiber on its neighbors. The persistently 
discharging fibers appeared to be small sensory fibers which, for the most part, are 
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distributed to blood vessels and fascia. He concluded that the persistent dis¬ 
charge arises from the injured fibers, due to permanent depolarization of the in¬ 
jured portions acting as a region of heightened excitability for the intact part of the 
fiber and he pointed out the similarity between the injury discharge and that set 
up from receptors by stimuli which may depolarize them. Certain aspects 
of the “spontaneous” activity of the lateral-line system illuminate several of the 
general problems of persistent activity suggested by the foregoing discussion. 

The experimental procedure consists in baring the lateral-line nerve 
on one side a centimeter behind the head and dissecting it free for 1 
or 2 cm. It is then tied, cut cephalad, and the freed end is drawn 
across silver-silver chloride electrodes connected to the recording 
system. The action potentials of the nerve are amplified and recorded 
by means of a Matthews oscillograph used in conjunction with a 
camera and a standing wave screen. A loud speaker makes the 
amplified action potentials audible. 

II 

The continuous spontaneous action of the lateral-line receptors in 
fishes is dependent on an intact circulation. With decapitated cat¬ 
fish the spontaneous discharge may show no sign of failure for an hour 
or more, if the skin is kept immersed in water and if the nerve and 
incision are well moistened with Ringer’s solution. With decapitated 
trout, failure of the response generally occurs in about 15 minutes. 
These facts are consistent with the: general dependence of the two 
forms on oxygen requirements. Catfish can live in extremely foul 
water and even remain alive in air for several hours; in fact, they are 
often wrapped in moistened paper and shipped in the air from fish 
hatcheries to streams and lakes. Trout, on the other hand, die 
rapidly if removed from the water or if kept for appreciable lengths 
of time in foul water. If one immobilizes a trout by transecting its 
cord without cutting the larger blood vessels the preparation lasts 
much longer, even though opercular breathing is not evidenced, as it 
generally is in corresponding preparations of catfish. By recording 
the heart beat with a second pair of electrodes connected through a 
switch to the recording system, one finds that impulses are given off 
from the neuromasts as long as the heart continues to beat. With 
four such trout preparations in which care was tAken to keep the 
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nerve moistened with Ringer’s solution (the flank was under water) 
the response continued for 57, 62, 48, and 69 minutes in each of the 
four cases, failing in from 10 to 20 minutes after cessation of the 
electrocardiogram. Owing to the great difiiculty of immobilizing 
the fish without destroying its circulation, only four of these stable 
trout preparations have been obtained. In addition to the usual 
rapid failure of response from the trout receptors and the great density 
of the discharge which makes unreliable the counting of impulses from 
the records, a further difiiculty arises rendering quantitative analysis 
of the responses from the receptors unreliable. An injury discharge 
from the nerve often develops which may resemble and mask that 
from the neuromasts. This injury discharge developed in 43 of some 
60 trout nerves tested. It sometimes occurs in catfish but in only 
about 20 per cent of the cases. 

The injury discharge is of considerable interest. It is similar 
in many respects to that described by Adrian (1930) from injured 
mammalian nerve fibers. That the neuromasts discharge impulses 
independently of injury may be demonstrated by slicing along the 
flank between the region of exit of the nerve to the electrodes and the 
tail. In the trout as in the catfish this procedure causes a decline 
in the activity depending upon the number of uninjured neuromasts 
which have been thrown out of action posterior to the cut. 

Fig. 1 shows the decline in response from a trout preparation which 
showed no injury discharge (cf. also Hoagland, 1932-33 b, Figs. 1 to 
3). Experiments of this kind must be done rapidly with trout since 
a few minutes after the initial operation of freeing the nerve, the 
impulses due to injury may begin and increase in volume. At the 
end of about 10 minutes from the beginning of the experiment the 
entire discharge of impulses begins to fail with trout in which hemor¬ 
rhage has been sufficient to interfere with the circulation, and the 
nerve is generally silent within 10 to 15 minutes of the start of the 
experiment. In three of the four cases in which the circulation was 
intact the frequency of the “spontaneous” discharge mcreased for 
some 15 minutes probably due to injury effects and then returned to a 
basal constant frequency which was clearly due to the activity of the 
neuromasts since slicing through the lateral-line produced a decline 
of response due to the removal of neuromasts caudal to the fresh cut. 
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110 Receptor Groups 



60 Receptor Groups 



15 Receptor Groups 


3 Receptor Groups 



No Receptor Groups 



i -►O.l second 

Fig. 1. Spontaneous discharge of impulses from the lateral-line nerve of a 
trout as a function of the number of active neuromast groups. No injury dis¬ 
charge occurred in this preparation. 









200 


LA'IEKAL-LINE NERVES OF FISHES 


This procedure tests the occurrence of injury discharge since in cases 
in which no injury effect is manifested, cutting the connection of the 
nerve with its neuromasts or crushing it between the body and elec¬ 
trodes completely stops all impulses. When the injury discharge 
occurs the nerve may continue tiring, even after cutting or crushing 
it between the electrodes and the body of the tish. 

A curious feature common to the di.scharge from the ncuromasts 
and the injury discharge is the tendency for the impulses in the libers 
to become s 5 Tichronized. Fig. 2 shows a typical injury discharge 
from a trout lateral-line nerve, ])ro<luced by slowly pulling the nerve 
and progressively breaking all connections with the neuromasts with¬ 
out breaking the main nerve trunk. 'I'he discharge, at first asyn¬ 
chronous, becomes synchronizcxl .spontaneously after a few minutes 
and conspicuously manifests itself through the loud speaker -the 
roar of impulses becomes a musical note. In Fig. 2 the series of 
photographs shows an increase in frequency of the synchronous dis¬ 
charge up to about the 10th minute followed by a decline for 2 minutes 
ending in an asynchronous discharge. In a few preparations the 
synchronized freciiumcy waxes and wanes, producing a siren effect 
from the loud speaker, each rise and decline of i)itch taking from 30 
seconds to a minute. In nerves in which the synchronized response 
involves both injury effects and receptor activity, progressive cutting 
away of neuromasts, which produces a decline in the number of active 
fibers, has no effect on the frequency of the beat, but usually lowers its 
amplitude owing to the removal of some of the fibers, impulses from 
which were summing to give the synchronized discharge. When the 
injury discharge is well developed cutting away neuromasts may have 
little effect on the response, the frequency may remain unchanged, 
and the amplitude may be only slightly reduced even by separating 
from the body a fragment of nerve on the electrodes. Fig. ?>a shows 
records of a synchronized discharge at a frequency of approximately 
400 per second produced by 102 neuromast groups. Fig. ?>h shows a 
residual injury discharge after cutting the nerve between the body 
and the electrodes. The frequency is still 400 per second, but the 
amplitude is greatly reduced owing to the inactivation of fibers carry¬ 
ing the discharge from the neuromasts. 

Cooling the trout receptors produces, as in the catfish, a decline 



Time from 
Start of 
Experiment 


10 Sir. 


4 min., 30 sec. 


4 min., 30 see. 


9 min. 


to min. 


Approximate 

Synchronized 

Frequency 



Asynchronous 


Asynchronous 


110/sec. 


230/sec.? 
Synchroniza¬ 
tion Doubtful 


150/scc. 


600/scc. 



i - y 0.1 second 

Fig. 2. Injury discharge from a trout lateral-line nerve produced by pulling 
the nerve and breaking connections with the neuromasts. The discharge was 
random for the first 4 minutes and increased in intensity becoming synchronized 
during the 4th minute at a frequency of 120 per second. The frequency of the 
synchronous discharge increased up to about 10 minutes to a maximum of 600 
per second, then declined, becoming asynchronous again at 120 rhythms per 
second and finally ceasing altogether at about 13 minutes. Temperature 21 C. 
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in the frequency of the discharge provided the response is asynchro¬ 
nous. If it is synchronous, cooling reduces the amplitude of the re- 
.sponse without affecting the frequency, an effect similar to that of 
surgically removing the neuromasts, due, probably, to the inactivation 
of some of the receptors, since the previous work (Hoagland, 1932- 
33 b) has shown that the neuromasts of catfish have diverse tempera¬ 
ture thresholds for activation. The removal of fibers contributing to 
the synchronous discharge reduces the amplitude of the response by 





i - y 0.1 second 

Fk;. .1. (a) Svndironizcci discharge with 100 contributing neuromast groups. 
(h) Residual injury discharge at same frequency as in (a) immediately after 
cutting the nerve at its entrance to the body. 

(c) Base line after crushing the nerve at the electrodes. 'I'hc ripples in the 
base line are due to imperfect shielding from alternating current disturbances. 

reducing the summed effect of the impulses. When the re.sponse is 
asynchronous, lowering the temperature produces a decline in the 
frequency of the discharge but to a less marked degree than in catfish. 
Quantitative data relating temperature and frequency have been 
difficult to obtain with trout and are unreliable owing to the rapid 
failure of most preparations and to the complications of the injury dis¬ 
charge. 

In a previous paper (Hoagland, 1933-34) it was pointed out that 
compression of tis.sues surrounding the lateral-line receptors in trout 
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and catfish initiates impulses against the background of spontaneous 
activity. The fibers activated by this stimulation give larger action 
potentials than those normally contributing to the repetitive impulse 
discharge initiated by the neuromasts. Fig. A a shows responses 
produced by stroking the caudal flank of a trout over the lateral-line 
canal after cutting away all but three spontaneously firing ncuromasts 
(c/. Hoagland, 1933-34). 'I'he response to stroking is indicated by 
the bursts of impulses. Fig. 46 shows the effect of strokmg the 
.same preparation some minutes later after the rc.sponse had spon¬ 
taneously become synchronized at a frequency of 400 per second. The 



i -> 0.1 second 

Fk;. 4. (a) Effect of stroking the skin above the lateral-line canal in a trout. 
Two bursts of impulses arc recorded .against the “spontaneous” background. 
Three groups of neuromasts were contributing to the spontaneous response. 

(6) Effect of stroking the same preparation after the spontaneous response 
had become synchronized. Flffccts of four strokes are shown. The impulses in 
the tactile fibers sum to increase the amplitude of the response without breaking 
the spontaneous rhythm of 400 per second. 

discharge from the tactile receptors now appears to be phasic, al¬ 
though the stimulation—stroking with a feather tip—is the same as 
that used in producing Fig. A a. It is as if a periodicity had been set 
up in the nerve and only impulses coinciding with the phasic relations 
of the spontaneous periodic discharge could be transmitted along the 
fibers. Since the impulses are carried in fibers not contributing to 
the spontaneous discharge, this phenomenon cannot be accounted 
for on the assumption of limitation of conduction due to the absolute 
ref£actory period of these individual fibers. The alternating refrac- 
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tory and excitatory phases must occur across the whole nerve alter¬ 
nately blocking and facilitating the passage of impulses from any 
fiber which may be brought into action by the external stimulus. 
From Fig. 4 a it is clear that the stimulus shows no ability to excite 
fibers at frequencies high enough to permit inhibition by the refractory 
period of the individual fiber. Since the oscillograph has a natural 
period of about 6500 per second, synchronization of tactile impulses 
with the spontaneous discharge cannot be accounted for in terms of 
an instrumental periodicity. 

Electrical spread of action currents beyond the confines of the 
fibers in which they occur might produce alternating fluctuations of 
excitability in all the fibers of a nerve trunk including the unstimu¬ 
lated ones. When these latter fibers become active through stimu¬ 
lation they could only conduct at periods coinciding with the periods 
of excitability produced by the activity of the other fibers which arc 
spontaneously active. 

The last suggestion obviates the necessity of any localized pace 
maker for the phasic response. Anesthetization, or crushing of the 
freed, cut end of nerve distal to the electrodes, seldom makes any 
difference whatever in the response. Very occasionally some di¬ 
minution of the discharge results from this treatment but this may be 
due to movement of the nerve on the electrodes. The only damaged 
region, therefore, common to all of the nerve fibers seems to have little 
or nothing to do with the synchronous discharge. The groups of 
neuromasts are distributed along the course of the nerve and since 
they can be removed either surgically, or functionally by lowering 
the temperature, without affecting the synchronous rhythm, no single 
position along the course of the nerve may be regarded as a pace 
maker region. In some preparations when the injury discharge occurs 
all the neuromasts may be cut away by severing the nerve between 
the body and the electrodes, and the only effect on the synchronous 
response is to decrease its amplitude as in Fig. 3 without altering its 
frequency. These facts indicate that synchronization is independent 
not only of the ncuromasts but also of any one anatomically fixed 
place along the lateral-line nerve. 

The injury discharge takes origin, primarily, from the cut and 
broken endings of the connections to the ncuromasts in the region of 
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the exposed length of nerve which has been removed from the side for 
recording purposes. This operation necessitates the breaking of con¬ 
nection with some dozen or more groups of sense cells. Since cutting 
the nerve free from the fish where it leaves the body has little effect 
on the response when the injury discharge is well developed, and since 
crushing the severed ends of the nerve also is generally without effect, 
it appears that the broken connections with the neuromasts may be 
the source of the injury discharge. This is supported by the fact that 
the magnitude of the discharge is progressively reduced by successively 
pinching the length of nerve severed from the fish along its course 
between the body and the input electrode. The fact that pulling the 
nerve supplying the sense cells and breaking connections with neuro¬ 
masts generally produces violent injury discharges further supports 
the view that the discharge arises from the depolarized broken ends of 
fibers supplying the sense cells. These facts indicate that stimulation 
of the injured fibers is a result of the permanent depolarization due 
to the injury, a conclusion in agreement with that reached by Adrian 
in accounting for the injury discharge from mammalian fibers. Since 
the injury discharge normally resembles so completely the spontane¬ 
ous discharge initiated by the sense cells it is possible that these cells 
normally excite the nerve terminations by producing a relatively per¬ 
manent region of depolarization at the fiber terminations as a result 
of their normal metabolic activity. The dependence of the response 
from the neuromasts on the circulation supports this suggestion. 
The fact that the non-spontaneously discharging tactile receptors fail 
to respond in all preparations when the spontaneous discharge set up 
by the neuromasts fails, suggests the dependence of excitabilities of 
both groups of receptors on essentially similar steady metabolic con¬ 
ditions. 


lU 

Adrian (1930) found that rhythmicity of impulses discharged from 
injured manunalian nerve fibers at body temperature does not occur 
at frequencies of less than 150 per second. When the frequency 
declines below that the discharge becomes aperiodic. This critical 
minimum frequency of discharge was accounted for by Adrian in 
terms of the curve describing the strength of stimulus required to 
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excite a nerve during various stages of its recovery period. This curve 
is hyperbolic and indicates that the greater a constant stimulus is 
above the threshold amount necessary to excite the fully recovered 
nerve, the greater will be the frequency of discharge which it may 
produce from the nerve during the relative refractory period. A con¬ 
stant stimulus of exactly the threshold amount necessary to excite 
fully recovered nerve would be able, theoretically, to initiate only one 
impulse since it would take infinitely long for the nerve to recover to 
the threshold asymptote where this stimulus would again be effective. 
The critical frequency of 150 per second implies, therefore, a recovery 
period of 6.7 a for the mammalian fibers and this agrees well with 
recovery periods of 5 to 10 <r measured in motor fibers by Adrian and 
Olmsted, and Erlanger, Bishop, and Gasser. 

In the lateral-line nerve of the trout the critical minimum fre¬ 
quency is 120 rhythms per second corresponding to a recovery period 
of 8.3 <r. The maximum frequency of 600 per second indicates either 
that the fibers are being discharged by a strong constant stimulus 
very early in their relative refractory periods or else that different 
fibers may respond in successive rhythms of the discharge. If the 
fibers, for example, were able to respond at a maximum frequency of 
only 300 per second, a rhythm of 600 per second might be obtained 
by having two groups of fibers alternately firing at 300 per second. 
A mechanism of this kind has been proposed by Troland (1929) to 
account for the conduction of high auditory frequencies. The maxi¬ 
mum frequency of 600 impulses per second recorded in Fig. 2 is higher 
than that usually associated with responses from single fibers in cold 
blooded vertebrates. It is, nevertheless, possible that this rhythm 
is produced by the same group of fibers discharging at this frequency. 

Many of the experimental facts described above as well as certain 
aspects of the injury discharge presented by Adrian suggest the 
notion of chemical mechanisms underlying the repetitive discharges. 
The rise of the injury discharge from the lateral-line nerve (c/. Fig. 2) 
begins some seconds after breaking connection with the neuromasts, 
builds up to a maximum in about 10 minutes, and then declines to 
zero during the next 5 minutes. The rise and decline of frequency of 
impulses could be accounted for if the frequency were proportional 
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to the concentration of a substance (B), produced as an intermediate 
compound in consecutive reactions of the type 

Adrian found that the injury discharge from mammalian fibers is 
reduced or stopped by irrigation with Ringer’s solution independently 
of variations in the composition of the solution. He found that the 
discharge, silenced by washing with Ringer’s, was renewed in the 
presence of serum. Crushed tissue extracts in contact with the nerve 
did not produce nerve impulses and he concluded that a substance 
supplied by the circulation was essential for the production of the 
injury discharge. 

The dependence of the discharge from the fish neuromasts for 
periods of greater than IS minutes on the integrity of the circulation 
indicates that this normal effect depends on something continuously 
supplied by the serum. This may possibly be the A substance of the 
above paradigm which breaks down continuously to the chemically 
stimulating B substance in the sensory cells. Rupture of connections 
with the neuromasts would remove the broken endings from further 
supply of A by the circulation but might leave a fixed amount of A 
in part of the nerve which, on mixing with enzymes released from the 
broken tissue, would then decompose to form B, the source of the im¬ 
pulses due to injury. In this way the curious cycle of rise and decline 
of the injury discharge might conceivably be accounted for. 

There are, of course, other possible alternatives. For example, the 
circulation may act to remove substances normally inhibiting a process 
tending to produce continuous excitations. 

StJMMARY 

The spontaneous discharge of impulses from the lateral-line nerves 
of trout and catfish has been examined. 

1. Broken endings of nerve fibers supplying receptors of the lateral¬ 
lines of trout and catfish may be the source of a repetitive discharge 
of nerve impulses. 

2. This injury discharge occurs more frequently in trout and may 
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mask the spontaneous discharge from the receptor cells. Experi¬ 
ments indicate that the latter discharge is not the result of injury. 

3. The injury discharge ceases in from 10 to 15 minutes. The 
spontaneous receptor discharge in trout may continue for an hour if 
the circulation remains intact. The receptor response also fails in 
from 10 to 15 minutes after failure of the circulation. 

4. The receptor discharge, the injury discharge, or the summed 
discharges frequently become synchronized. The excitability of the 
fibers of the nerve trunk appears to vary synchronously, so that nerve 
impulses initiated in fibers from tactile receptors not contributing to 
the spontaneous discharge can be conducted only during the part 
of the cycle occupied by the spontaneous discharge. 
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I 

INTRODUCTION 

Osterhout and Stanley^ have recently described some interesting 
experiments on diffusion between two aqueous phases separated by a 
non-aqueous phase. These experiments were modeled after living cells 
and duplicated the power of some cells to concentrate preferentially 
certain chemical substances. Furthermore, the volume increase 
shown by one of the aqueous phases in the model is somewhat analo¬ 
gous to the growth of living cells. In a model in which water and a 
salt are the only substances whose diffusion need be considered Oster¬ 
hout* has shown that the results are in qualitative accord with the 
kinetics which characterize two consecutive monomolecular reactions. 
It seems to the author, however, that the mechanism more nearly cor¬ 
responds to that of two simultaneous and mutually dependent proc¬ 
esses. Consequently it is the purpose of this paper to formulate and 
solve the simultaneous differential equations which probably describe 
the model. These equations will be derived starting with the simple 
but fundamental laws which describe diffusion processes in general. 

Jacobs* has recently formulated the simultaneous differential equa¬ 
tions which describe the relation between cell volume and penetration 
of a solute. These equations, though similar to the ones which are 
derived in this paper, are somewhat more difficult to solve and the 
desired time curves are not obtained by direct integration. 

1 Osterhout, W. J. V., and Stanley, W. M., J. Gen. Physiol, 1931-32, 16, 667. 

* Osterhout, W. J. V., J. Gen. Physiol, 1932-33,16, 529. 

* Jacobs, M. H., J. CeUular and Comp. Physiol, 1933, 3, 29. 
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n 

Description of the Experiment 

Osterhout* has given a detailed description of the experiment which 
is to be treated theoretically in this paper. He has also included an 
excellent discussion of the physical processes which are involved and 
the justification for certain assumptions which it will be necessary to 
make in the development of the theory. Therefore only a brief dis¬ 
cussion of the experiment will be given in the following paragraphs. 

The aqueous layer A (Fig. 1) consists of water saturated with a 
weak acid, HG, and contains the potassium salt of this add, KG, 
at a concentration of 0.05 normal. The solution in A is continuously 
replaced during the experiment so as to maintain a constant concen¬ 
tration of KG in this region. The non-aqueous layer B consists of 


a a' h' h 


A 


B 


C 


Flo. 1 

the weak acid HG which is but slightly miscible with water and which 
is initially saturated with the latter. This phase separates A from a 
second aqueous layer C which is saturated with HG and through which 
CO* is continuously bubbled at atmospheric pressure. All three 
phases are stirred so that the diffusion which occurs takes place in the 
layers at the phase boundaries a and b which are not affected by the 
stirring. As Osterhout has pointed out the high viscosity of the non- 
aqueous medium makes it probable that the unstirred layers are much 
thicker in this phase than in the outer aqueous layers. It will there¬ 
fore be assumed that the only gradients of composition which occur are 
in the layers aa' and hh' (Fig. 1). The mobilities of the diffusing con¬ 
stituents are much lower in the non-aqueous phase* than in the aqueous 
phases, an additional fact which makes it probable that the constants 
for the diffusion processes are determined largely by the character¬ 
istics of phase B. 

* Osterhout, W. J. V., Kamerling, S. E., and Stanley, W. M., J. Gen. Physiol., 
1933-34, 17f in press, (Kinetics. VI). 
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The two substances whose simultaneous diffusion through B is 
significant are KG and HjO. The force which causes the diffusion of 
KG, for example, from ^ to C is the gradient of chemical potential for 
this substance which exists between A and C due to the difference in 
the concentration of this substance in the two layers. The chemical 
potential ju<, of any given molecular species i may be defined by means 
of the equations® 

Mi = Mi® + RT In <ii (2.1) 

» Mi® + In 7 < Ni (2.2) 

In these equations is the chemical potential in some arbitrarily 
chosen standard state, R the gas constant, T the absolute temperature, 
Mi the activity, 7 < the activity coefficient, and Ni the concentration 
of the i-th constituent. The concentration scale best adapted for the 
treatment of the present problem will be considered in the following 
section. 

The KG diffuses from A in which the concentration, and hence the 
chemical potential, of this substance is maintained at a constant value, 
through B into C where its concentration is initially zero and where 
the following reaction occurs. 

KG + H,COi >= KHCO, + HG (2.3) 

The mass action expression for this reaction is 

■ “khcOi " ®KC ■ “hjCOi ’ constant (2.4) 

Since the partial pressure of CO* is constant and since the activity of 
HG in C is maintained at a substantially constant value by contact 
with the non-aqueous phase in which HG predominates, equation 
(2.4) may be simplified to 


“khcoi “ ^ ■ "kc 

K in this expression being a constant. 

® Lewis, G. N., and RandaU, M., Thermodynamics, New York, McGraw-HiU 
Book Co., Inc., 1923, 2S4. See also Gibbs, J. W., Collected works, Longmans, 
Green and Co., New York, 1928,1, 92. 
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If the salt activities in this expression are replaced by the products of 
the ion constituent activities according to the convention of Lewis and 
Randall (p. 326 of Footnote 5) 

®K+ * “hcoi “ ^ «k+ ■ “c¬ 


or 


%COI “ ^ **0- 


(2.5) 


Since the activity coefficients which may be inserted into equation 
(2.5) in order to convert the activities to concentrations always occur 
as a ratio, it follows from the principle of the ionic strength that a very 
close approximation to (2.5) will be obtained by placing 

^KHCOi “ ^ ■ ^KG 


Since H 2 CO 3 is a much stronger acid than HG the constant of equation 
( 2 . 6 ) has a value much greater than unity and most of the KG which 
diffuses into C is converted into KHCO3. 

The back diffusion of KHCOs from C to A may be neglected due 
to the very slight solubility of this substance in the non-aqueous 
phase. CO 2 appears to be able to diffuse from C to .4. This does not 
occur to any appreciable extent in the model, however, and may 
therefore be neglected. It is possible that some CO 2 does diffuse 
across the phase boundary b but if the reaction represented by equation 
(2.3) occurs in phase B the KHCO3 thus formed would be immediately 
extracted by the aqueous layer C, thus compensating for the diffusion 
of CO2. 

Whereas the chemical potential gradient causing the diffusion of 
KG from .4 to C will depend upon the value of in C the potential 
or osmotic pressure of the water in this phase will depend upon the 
total concentration of solute in C. Since the chief solute in C is 
KHCO3 the diffusion of KG from A to C with subsequent conversion 
into KHCO3 will eventually lower the activity of the water in C to 
a value below that in A. The effect of this upon the diffusion of 
water will now be considered. 

At the beginning of the experiment, when the concentration of 
solute in C is lower than in A, water will diffuse from C into A. This 
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initial movement of HjO from C to .4 will continue until the diffusion 
of KG in the reverse direction, followed by its conversion into KHCOs 
in C, builds up the solute concentration in this phase to such a value 
that the activities of the water in A and C are equal. The activity of 
KG in C, however, which corresponds to this concentration of KHCOs 
is still much lower than the activity of KG in .4 so that KG continues 
to enter C and be converted into KHCOs. This lowers the activity of 
HsO in C below its value in A and the water consequently reverses 
its direction of flow and henceforth moves from A to C. The time 
at which this reversal occurs corresponds to a minimum in the water 
content of the phase C and is treated further in Section IX. 

The simultaneous movement of KG and HjO from A to C then 
continues indefinitely and approaches a condition in which KG and 
HsO enter C in essentially the same ratio as that of KHCOs and HsO 
already present, so that on conversion of the entering KG into KHCOs 
the concentration of this latter substance in C remains unaltered. 
This condition is called the steady state and is an important feature of 
the experiment. 

Since it is impossible to fix rigidly the phase B in the model, the 
hydrod)mamic pressure developed by the increase in the volume of 
C is exactly compensated by a shift in the position of the intermediate 
phase and must consequently be neglected in the present theory. 

in 

The Concentration Scale 

As will be shown later, it is necessary to consider the partition of 
the diffusing constituents between the various phases and since one of 
these, water, is that which, in the outer aqueous layers, would normally 
.be termed the solvent a concentration scale must be selected which is 
symmetrical with respect to all constituents. The mole fraction 
satisfies this requirement and will therefore be adopted. As indi¬ 
cated in equation (2.2) iV< represents the mole fraction of the f-th 
constituent while the actual number of moles of i present in any given 
region will be denoted by ni. The mole fraction is defined by the 
expression 



( 3 . 1 ) 
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in which the summation is to be taken over all species present. The 
mole fraction is related to the volume concentration (ci moles per 
milliliter of solution) by the equation 


Ct 


nt 

s «< Vi 


in which Vi is the partial molal volume of the t-th constituent in milli¬ 
liters. 

If one constituent of a phase is greatly predominant it may be repre¬ 
sented by the subscript 0 and no serious error is involved in replacing 

the mole fraction of another constituent by its mole ratio, — > 

no 


NiC^ 


f 

no 


No<^l - 


X Hi 
no 


In this case 


i 3^ 0 


n< 

no Vo 


Vo 


(3.2) 


(3.3) 


in which Vo is the molal volume of the “solvent.” 


IV 

The Diffusion Equation 

In the derivation of the equations which describe molecular diffusion 
processes it is customary to assume that the velocity of migration, 
Vi, of the f-th constituent is proportional to the chemical potential 
dfii 

gradient, of that substance* 


Vi 



(4.1) 


Ui being the factor of proportionality or mobility. The derivatives of 
Hi with respect to the other space coordinates may be neglected if 
diffusion takes place in one direction only as in the present experiment. 
Equation (4.1) may be multiplied by iV< and rearranged to 

* Onsager, L., and Fuoss, R. M., J, Phys. Chem., 1932,36,2689 (see page 2759). 
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ViNi - - UiN{ 


dni dNi 
dNi~di 


(4.2) 


Since this equation is to be applied only to the substances diffusing 
through B and since these are present in this phase at relatively low 
volume concentrations the approximation represented by equation 
(3.3) may be introduced into equation (4.2) to give 

UiNi dfjLi dNi 
ViCi -- 

Ko dNi dx 


It is evident, however, that the product vuCi is the velocity with which 
a given concentration moves and hence is the flux of material per 

dn< 

unit area and unit time, —, through a plane perpendicular to the 

direction of migration. If A is the total cross-section of the diffusion 
layer the diffusion equation becomes 



Equation (4.3) will be recognized as Pick’s law if 


Di = UiNi 


dfij 

dNi 


Di being the diffusion coefficient, 
may be rearranged to 


By means of equation (2.2) this 


Di - RT 


yi\ 


(4.4) 


d In 7 i 

Since 7 ;—— is generally a function of iV< it is evident that the diffusion 
a In Jy i 

coefficient will also vary with the concentration. However, it has 
already been assumed that diffusion occurs only in the non-aqueous 
phase, in which, due to the low ionizing power of the solvent, electro¬ 
lytes behave more nearly as perfect solutes than in an aqueous phase. 
For a perfect solute the differential coefficient in equation (4.4) is 
zero and in the present instance may at least be assumed constant. 

Moreover, it simplifies the mathematical treatment if the very 
probable assumption is made that at any given time the thickness of 
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the combined diffusion layers (oo' and bh' of Fig. 1) has a value suffi¬ 
ciently small to warrant the consideration of the concentration gra- 

AiVi 

dient as constant and equal to ——. Since the value of Aic is nearly 

A* 

independent of the time, equation (4.3) may be rewritten 


dm 


ADi 
Fo • Ax 


LNi 


(4.5) 


V 

Equilibria at the Phase Boundaries 

Equation (4.5) is the general differential equation which will be 
adapted to the experiment considered in this paper. Before this adap¬ 
tation can be made, however, the mechanism of the transfer of material 
across the phase boundaries must be considered. If, as is usually 
assumed, equilibrium for a given constituent is attained practically 
instantaneously at a phase boundary, it is correct to say that the 
chemical potential for that substance is equal in the two phases at 
the boundary and hence has no discontinuity at that place. 

According to equation (4.1) the velocity of a constituent is pro¬ 
portional to the gradient of chemical potential, the latter being con¬ 
tinuous at a phase boundary as indicated above, but the flux of a 
constituent is determined not only by its velocity but by the product 
of this into the concentration which is usually discontinuous at a phase 
boundary. It thus appears that the driving force which causes 
diffusion across the non-aqueous layer will be determined largely by 
the composition of the two aqueous phases, whereas the flux of ma¬ 
terial will depend in part upon the concentration of the diffusing sub¬ 
stances in the non-aqueous layer. Thus, other conditions being the 
same, a given difference of composition between A and C will cause a 
greater flux of some constituent through B the more soluble that con¬ 
stituent is in the non-aqueous layer. As Osterhout* has emphasized, 
partition coefficients will therefore play an important r61e in the 
present theory and may be defined for the phase boundaries a and b 
by the relations 

s.* - iV 


(5.1) 

(5.2) 
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In these expressions the superscript denotes the region to which the 
concentration or partition coefficient refers. Thus is the con¬ 
centration of the i-th constituent in phase B at the plane a. These 
are stoichiometric partition coefficients and are functions of the con¬ 
centration in general. 

Since the aqueous layer A is continuously replaced, N^q, 
and the corresponding partition coefficients, and are con¬ 
stants, the values of the latter being 1.7* and 0.417^ respectively. 
At the phase boundary b, however, the concentrations, and hence the 
partition coefficients, vary with the time and this variation on the 
part of the partition coefficients must now be discussed in some 
detail. 

In the absence of data on the effect of salts upon the distribution 
of the non-electrolyte, water, the coefficient 5 h,o ^^7 he considered 
constant—and equal to 0.417, the value obtained from the mutual 
solubility of the two liquids, HG and H 2 O, in the absence of salts— 
if the effect of the salt ionization upon the activity of water in the 
aqueous phase is considered. This may be done by introducing the 
osmotic coefficient, i, into the expressions for Ah,o ^.nd as follows: 

^H,0 — 1 “ ^CO> — *^^KHCOi 

^HK)“l-^HG-»^^KG (5.4) 

The osmotic coefficient is also a function of the concentration but no 
serious error will be made if an average but constant value is assigned 
to it for the particular experiment under consideration. Thus a value 
of 1.9 may be assigned to corresponding to the constant value of 
= 0.00090, and 1.7 which corresponds to the average value 
A^hco, = (^-(^6 (see Table I). The values of Ahc (* Ahc) and 
Aco, are 0.0027^ and 0.00062,* respectively. 

^ Unpublished measurements made in this laboratory. The solubility of water 
in the non-aqueous material is about 9.73 per cent. Thus 100 gm. of the non- 
aqueous phase contain 9.73 gm. of HjO or 0.54 mole, and 90.3 gm. of HG or 

0 54 

0.756 mole (see Footnote 12). is therefore ^ ; ■— or 0.417 and 

^ 0.54 + 0.756 

since is essentially unity, * 0.417. 

® International Critical Tables, New York, McGraw-Hill Book Co., Inc., 1928, 
3,260. 
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Osterhout, Kamerling, and Stanle)^ have found that the distribu¬ 
tion of KG between HG and HjO is quite sensitive to the concen¬ 
tration when this is low but becomes nearly independent of the latter 
as saturation is approached. The exact functional relationship has 
not been established, however, and in the present theory a constant 
value of 1.85 will be assigned to S^c- The use of a constant value for 
in this manner is clearly unsatisfactory and probably represents a 
rather poor approximation, but the mathematical complexity which 
results from the assumption of even a linear variation of the partition 
coefficient with concentration is rather serious. Moreover the com¬ 
mon ion effect of the potassium ion from the KHCO 3 in C upon the 
partition of KG introduces an additional complication. The value 
which has been assigned to ^kc was obtained in the following manner. 

According to the conventions of Lewis and Randall* the activity 
of KG in the phase C is given by the relation 

“kg “ ®K* ■ “C- “ ■ -^G- 

in which is the mean ion activity coefficient and will depend upon 
the total ionic strength of phase C. The distribution measurements of 
Osterhout, Kamerling, and Stanley were made with solutions of pure 
KG and in this case, 

Ni. = jvg. = 

and 

4c “ (yiY (a'kg)’ (5.S) 

the bar over the symbol indicating that KG is the only salt present. 
In the experiment being considered in this paper, however, KHCO 3 
is also present in C at an average concentration of AIhcoi = 0.006, 
so that 

•^K*- “ ^KHCO. ^KG 
^G* “ ^KC 

and 

4g “ (4)’ -^KC (^KHCOi + ^Kg) 

Elimination of 4o between equations (5.5) and (5.6) gives 


(5.6) 
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_ -f _ 

^KG “ ^ ”^^KC (^KHCOi + ^Kc) (S-?) 

or with reference to equation ( 2 . 6 ) 

^ ^KHCO. 

'± 

By means of equations ( 6 . 8 ) and (8.4) which follow, K may be elimi¬ 
nated to give 

yC 

ISjC an —^ A7^ 

-ZC ^KHCOi 

The value of 5 kc corresponding to this value of iV^c, as obtained from 
a plot of the partition measurements mentioned above, is the quan¬ 
tity desired. Since Srg must be known, however, before can be 
evaluated and since 7 ^ also depends upon a series of approxima¬ 
tions will be necessary. For iVKHcoi = 0.006, 7 ^ ~ 0.59.® The 
computed value is 0.00106, so that *5 rg - 1.85 and 7 ^ 0.73 

if the activity coefficients of KG are similar to those for KHCOs and 
if the small amount of HG present in the aqueous phase C may be 
ignored. In the steady state iV^HCo* = 0.012 and a similar calculation 
gives the value 2.5 for The difference between 1.85 and 2.5 
affords an estimate of the error which is involved in the assignment 
of a constant value to 

It has been necessary to develop the foregoing theory in order to 
utilize the results of ordinary partition measurements in obtaining the 
distribution equilibria in the presence of an added salt with a common 
ion. It should be apparent that the theory is also applicable when a 
salt with no ion in common is added to the aqueous phase. The effect 
upon the partition equilibria is then contained entirely in the activity 
coefficient ratio of equation (5.7). However, it should be emphasized 
that the added salt cannot be appreciably soluble in the non-aqueous 
phase if the foregoing equations are to be applicable. 

• Guntelberg, E., and SchiSdt, E., Z. phys, Chm., 1928,136,393. 
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VI 


Specialization of the Difusion Equation 

The flux of the two diffusing substances through the plane h, Fig. 1, 
will now be considered. The flux of KG through this plane is, accord¬ 
ing to equation (4.5), 


\ dt A 


AD 


KG 




- ^kg) 


From equations (5.1) and (5.2), this may also be written 

AD„ 


A”Kg \ ^-^KG 

\ dt Ji KjigAx 


(•^KC -^KG 


•^KG ^Kg) 


( 6 . 1 ) 


Due to the reaction (see equation (2.3)) which occurs in C the flux 
of KG through the plane b is essentially the rate of appearance of 
KHCO, in C 


A”kc\ 
\ dt Ji 


‘^”KHCOi 

dt 


Elimination of N^q between equations (6.1) and (2.6) gives 


‘^”kHCOi 

dt 


AD, 


KG 




( 


Si 


c« jqA _ jqC 
^YiG -‘''KHCOi 


) 


Similarly the rate of appearance of water in C is 


dt 


AR 


HiO 


^HG^ 




( 6 . 2 ) 


(6.3) 


Since the partition coefficients are to be considered constant, reference 
to equations (3.2), (5.3), and (5.4) shows that the number of dependent 
variables in equations (6.2) and (6.3) may be reduced to two as follows: 


■^^KHCO. 

dt 


^^KG (^ •^KG”kHCOi\ 


df^ 

dt 


AD, 


H,0 


‘"hg^* 


*^H,0 j^(^ ^HG *'^‘''^Kg) “'"hG ” ^CO, 

-^5 (-1^ 




J 
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The notation may be simplified by placing 


n 


KHCO, 




and by collecting the various constants as follows: 


FhcA* K 


“1 


AD, 


HiO 




OtQ 


^KC ^ ■ •^Kc/’^kc ~ 
A^CO./»^ - 


Then 


dtio 

Tt 


= ai 


* ao 


(-S) 

(- + 1) 
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(6.4) 

(6.5) 


( 6 . 6 ) 

(6.7) 

( 6 . 8 ) 
(6.9) 


( 6 . 10 ) 

( 6 . 11 ) 


VII 

Solution of the Differential Equations 

Elimination of »i/»o between equations (6.10) and (6.11) gives the 
expression 

1 dfii 1 dfiQ 
ai dt ao dt 

which may be immediately integrated to give 

+ - (7.1) 

ai ao ag 


— is a constant of integration, Iq being merely the number of moles of 
““ 

water initially present in phase C since the value of «i is zero at this 
time. 
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Translation of the time axis by means of the substitution 


~ A) 


reduces equation (7.1) to 


- (A - A)<' (7.2) 

«! at 

Equation (7.2) tells us nothing about the individual dependence of 
»i and no upon the time, but by solving this expression for »i and sub¬ 
stituting this value into equation (6.11) an expression involving only 
one dependent variable is obtained. Thus, 

ni " ai09i — -Wo 

«o 


and 


dno 


— ao/3o — + aiOoG^i — ft) — 

»o 


(7.3) 


Equation (7.3) is homogeneous and the variables are rendered sepa¬ 
rable by the substitution 

»o = V • (7.4) 


SO that it becomes 


vdi + Vdv - - W 


dH 
a — 


V 


if 


— <1 « aicmifii — ft) (7.5) 

5 ™ flfi cKo/?o (7.6) 

Rationalization and separation of the variables gives the expression 

vdv . dV 
a + -f- n* V 

The integral of this is 

- + ^Zi +21n/,V-0 (7.7) 

V-? 


In (tf + + V*) 
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in which h is a constant of integration and q — \a — l^. 
Since 


4(a + + »*) - (2 » + i — \/- 5 ) (2 » + 6 + j) 

equation (7.7) may be rearranged to 

log (2 » + 6 - y/^q) + (2»+6 + V-?) + 

2 log /' + /, = 0 (7.8) 

In equation (7.8) Briggsian logarithms have been substituted through, 
out for the natural logarithms and it is in this form that computations 
can be made most conveniently. This equation cannot be solved 
explicitly for v, and hence for n®, but it is already explicit in and 
therefore may be readily employed for a calculation of the time curves 
as follows: 

From equations (7.2) and (7.4), 

Ni<^ — =• aiiffi — a) --■* = ~ Po) - (7.9) 

Mo Mo oro V a, 

and a value of v may be computed which corresponds to a given con¬ 
centration, Ni. This value of v is substituted in equation (7.8) and 
the corresponding value of t' computed. This value of t', together with 
the value of v which was taken, is then substituted in equation (7.4) 
and no computed, etc. 

Before these computations can actually be made, however, values 
must be assigned to the necessary constants. The constant /o, as 
shown above, is the number of moles of water initially present in 
phase C and has the value 3.321. A value of 0.(X)064 for ^0 may be 
computed from equation (6.9) since all of the terms on the left hand 
side of this expression are known. After values have been assigned 
to the other necessary constants the integration constant h may be 
evaluated by means of equation (7.8) from the conditions that at 

zero time t' » and v >= (equation (7.4)). The value 

ao(pi — po) I 

of /j which was used in the computations for the time curves is 
—2.202297. The constants ao, ai, and /3i involve the characteristic 
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but unknown quantities Dyjs, Ax, and K, and must therefore be 
evaluated from the experimental data. A method of evaluating 
these constants will be outlined in the next section. 

VIII 

Evaluation of the Characteristic Constants 

The data recorded by Osterhout were the volumes, V, in milliliters, 
of the aqueous phase C and the total salt normality in this phase for 
different values of the time, /, in hours. These data are recorded in the 
first three columns of Table I. Values of »i, and no, which are recorded 
in Columns 5 and 6 of the table, were computed by means of the rela¬ 
tions 


«, =. C • y 

V - d - 100.1 «, 

“ 18.01.S 

100.1 and 18.015 being the molar weights of KHCOs and HjO 
respectively, d is the density of the solution and was taken as equal, 
to that of a pure aqueous solution of KHCOs as given in the Inter¬ 
national Critical Tables.*® The values of the density are recorded in 
the fourth column. 

The data of Table I may be used to evaluate the constants ai, ao, 
and as follows: Since equation (7.1) may be rearranged to 

no — Iq »o — 3.321 , V / ao 

- = - =ao(/3i - ft)-- 

ni Hi ai 


a plot of-as ordinate against — as abscissae should give a 

ni m 

straight line with a slope, ao(/3i — 0.00064), and an intercept, — oo/ai. 
This method of plotting the data (Fig. 2) magnifies small experimental 
errors in the initial stages of the experiment when Mo differs but little 
from 3.321 and it is therefore not surprising that the first two points 
in Fig. 2 deviate considerably from a straight line. The remaining 

*® International Critical Tables, New York, McGraw-Hill Book Co., Inc., 
1928, 3, 90. 
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points yield a satisfactory straight line although such a line is not 
drawn in the figure. Since this plot is to be used for the evaluation of 
two of the constants which occur in the theory the final time curves 
for the entrance of salt and water can best be represented if all points 
in Fig. 2 are given equal weight. When this is done the straight line 
which best represents the data, as determined by the method of least 


TABLE I 


Experimental Data 


1 

2 

3 

4 

5 

6 

7 

/ 

KHCOi 

cone. 

V 

dV 

density 

“ "khco, 

"H,0 

^ ~ flr, _ 

hfs. 

0 

mohlliter 

0.00 

ml. 

60 

0.997 

0.0000 

3.321 

0.0000 

16 

0.10 

60 

1.004 

0.0060 

3.311 

0.00181 

42 

0.26 

64 

1.014 

0.01664 

3.510 

0.00474 

65 

0.40 

68 

1.023 

0.0272 

3.710 

0.00733 

80 

0.46 

72 

1.027 

0.03312 

3.930 

0.00843 

104 

0.53 

76 

1,032 

0.04028 

4.130 

0.00975 

128 

0.60 

81 

1.037 

0.0486 

4.393 

0.01106 

151 

0.61 

87 

1.037 

0.05307 

4.713 

0.01126 

178 

0.62 

93 

1.038 

0.05766 

5.038 

0.01145 

208 

0.63 

99 

1.038 

0.06237 

5.358 

0.01164 

232 

0.63 

105 

1.038 

0.06615 

5.685 

0.01164 

256 

0.63 

112 

1.038 

0.07056 

6.062 

0.01164 


squares, is the line drawn in the figure. The slope and intercept of 
this line furnish the relations 

ao/ai «= 38.65 (8.1) 

«o(|9i - 0.00064) = 0.02128 (8.2) 

A third relation between the three constants is necessary and may 
be obtained from the limiting slope of the Mo-/ curve as the steady state 
is approached. The straight line of Fig. 3 appeared to have the cor¬ 
rect slope, the value being 

- 0.01392 - fl(o(0.01164 - 0.00064) 

r > 0.01164 



(8.3) 
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Equations (8.1), (8.2), and (8.3) then give 

at - 1.265 

«! - 0.03273 (8.4) 

ft - 0.01746 



t/n^ 


Fig. 2. A rectilinear plot of certain functions of the experimental data. From 
the slope and intercept of this line two of the three empirical constants which occur 
in the theory may be evaluated. 

With these values of the constants the time curves may be com¬ 
puted by the method which has been outlined. The results of these 
computations are given in Table II and are plotted as smooth curves 
in Figs. 3 and 4. 
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TABLE II 


Computed Values of no, ni, and t 


Nx 

1 

ni 

no 

0.00064 

3.77 

0.0021 

3.3195 

0.002 

12.34 

0.0066 

3.327 

0.004 

26.80 

0.0135 

3.371 

0.006 

44.87 

0.0208 

3.471 

0.008 

70.09 

0.0294 

3.676 

0.010 

114.45 

0.0415 

4.152 

0.0110 

161.70 

0.0522 

4.745 

0.0115 

211.43 

0.0623 

5.414 

0.01175 

261.06 

0.0717 

6.104 

0.0120 ! 

399.70 

0.0970 

8.079 



Hour® 


Fig. 3. A comparison of theory with experiment for the change of the water 
content of phase C with the time. The theoretical curve as computed from 
equation (7.8) is drawn as a full heavy line and the experimental points are 
indicated by the circles. The as)Tnptote to this curve as the steady state is 
approached is drawn as a straight light line and the slope of this line was used 
in the evaluation of one of the constants of the theory. 
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IX 

Comparison of Theory with Experiment 

The computed time curve for the entrance of water is in fair agree¬ 
ment with the experimental data which are plotted as circles in Fig. 
3. Thus the theory predicts the minimum in this curve after the 
experiment has been in progress for a few hours. It will be recalled 
that this minimum occurs at the time that the water reverses its initial 
direction of flow and begins to move from .4 to C (Fig. 1). At this 
time 



The values of «o and t corresponding to this value for — are 3.319 and 

«o 

3.77 respectively. Phase C thus has a minimum water content after 
about 4 hours. 

Agreement with experiment in the case of the concentration-time 
curve is satisfactory as may be seen by reference to Fig. 4. An 
essential feature of the experiment—the approach to the steady 
state—is clearly illustrated. The characteristics of the steady state 
may be demonstrated as follows: Differentiation of the relation 


Ni = 


»0 


with respect to the time yields the expression 


dNi dm 


dni 

It 


(9.1) 


In the steady state Ni is constant and equal to Nu. Moreover 
dNi 

—r- = 0 so that equation (9.1) becomes 
at 
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From equations (6.10) and (6,11), however, 

Ni$ oo(— fio + Nit) “ «i(ft — Nit) 

Solution of this quadratic gives, as the only physically possible root, 
the expression 

Nit ” T “ “I + \/ (oi — ao/So)* + 4aoaij8i) (9.2) 

Zao 



Fig. 4, A comparison of theory with experiment for the change of salt concen¬ 
tration in phase C with the time. The theoretical curve is drawn as a full heavy 
line and the experimental points are indicated by the circles. Concentrations 
are expressed as mole fractions and the light horizontal line is the theoretical value 
of the concentration in the steady state. 

Substitution of numerical values for ao, etc., leads to a value for 
Nit of 0.0121 which is but slightly greater than the final values (0.01 U) 
which were observed during the latter stages of the experiment. 

Through a combination of equations (9.2), (7.9), and (7.8) it may 
be shown that the steady state concentration is attained only after 
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infinite time, but a comparison of the curve of Fig. 4 with this limiting 
as 5 nDptote which is drawn as a straight horizontal line indicates that 
the concentration has reached a value only 5 per cent less than the 
limiting value after about 200 hours. 


X 


CONCLUSION 

Some of the physical quantities which appear in the expresrions for 
oo, ai, and ft (equations (6.6), (6.7), and (6.8)) are capable of inde¬ 
pendent measurement and in conclusion a discussion of these con¬ 
stants will be given. Thus a value for K may be evaluated from cer¬ 
tain properties of HG and HjCOs, namely, the solubilities of these 
weak acids in water and their ionization constants. 

In equation (2.5) both numerator and denominator may be multi¬ 
plied by Oh+ to give 


®G- ■ 


( 10 . 1 ) 


but Ohcoj ■ “ -^HjCOi ■ %iCOi oq- • Cji* = Khg • Ohc so that 

equation (10.1) may be written 

K = ^H^O.“^H.CO. (JO 2) 

^HC ■ “hC 

Since /SThjco, has the value 4.54“ X 10“'' and an even smaller 
value, aH,coi n^^y be replaced by the solubility of CO 2 at 1 atmosphere 
(0.034 mole/liter) and (Ihc by the solubility of HG (0.15 mole/liter). 

It is impossible to make an accurate estimation of K by means of 
equation (10.2) due to the fact that the weak acid represented by the 
symbol HG was, in the experiment of Osterhout and Stanley, a mixture 
of two weak acids, guaiacol (70 per cent) and ^-cresol (30 per cent),“ 
and also to the fact that the ionization constants for these substances 


“ Macinnes, D. A., and Belcher, D., /, Am. Chem. Soc., 1933, 66, 2630. 

“ In all computations involving this material, such as conversion of volume 
concentrations to mole fractions, etc., a molar weight, density, and molal volume 
of 119, 1.11, and 107, respectively, have been employed. These values are the 
means of the values for the pure substances, account being taken of their propor¬ 
tion by weight. 
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which are to be found in the literature are very discordant. Thus a 
hydrolysis method^ gives 

XCguaiacoI) “ 1.17 X 10"“ 

ifC^cresol) - 6.7 X 10-“ 

whereas a conductance method** gives 

K(p<T(sao\) = 1.1 X 10-* 


If guaiacol and />-cresol are assumed to have essentially the same 
ionization constants, as the results of hydrolysis measurements would 
indicate, K in equation (10.2) has the value 9 X 10* if 1.1 X lO"*” 
is assumed for Khg and the value 9 if K^g = 1.1 X 10~*. The value 
of 21 which may be computed from equation (6.8) and which best fits 
the diffusion data is intermediate between the two independently com¬ 
puted values. The results of this computation are inconclusive ex¬ 
cept in so far as the independent estimate of K indicates that most of 
the KG which enters C is converted into KHCO 3 . 

From equations (6.6) and (6.7) it is evident that 


AD 




KG oiK 
•^G 


0.37 


AD, 


HiO 


00 




1.8 


^HjO 


The ratio of the two diffusion coefficients is D^^/Df^g = 4.8, a value 
which indicates that HjO diffuses through the non-aqueous layer 
much more rapidly than KG. This ratio is somewhat higher than 
would be expected from a consideration of molecular size and may be 
due to the fact that the concentration of water in the non-aqueous 
phase is so high that certain assumptions which were made in the 
derivation of the diffusion equations are partially invalidated. 

Osterhout, Kamerling,* and Stanley have shown that the diffusion 

**Landolt, H., and Bdrnstein, R., Physikalisch-chemische Tabellen, Berlin, 
Julius Springer, Sth edition, (Roth, W. A., and Scheel, K.), 1931, suppl. vol. 2, 
pt. 2, pp. 1087-88. 

** International Critical Tables, New York, McGraw-Hill Book Co., Inc., 1929, 
6. 281. 



234 


THEORY or DIFFUSION IN CELL MODELS 


of KG in HsO is about twelve times as rapid as in HG. The value of 
Djic for diffusion in water is not known but it will certainly be of the 
same order of magnitude as the diffusion coefficient for a potassium 
salt with a large organic anion such as potassium acetate, namely, 
1 X 10"‘ am.Vsecond. Thus Z>kg for diffusion in HG is of the order 
1 X 10~* cm.Vsecond or 3.6 X 10"* cm.Vhour. The mean area of 
the two phase boundaries a and b (Fig. 1) was about 95 cm.*. Con¬ 
sequently 


Ax 


95X3.6XlO-> 

- b3 -— = 0.01 cm, 

0.37 Fjjg 0.37 X 107 


From direct microscopic observation Davis and CrandalF® have 
estimated that the thickness of the unstirred water layer at a gas- 
water interface is about 0.04 cm. While the two values are by no 
means comparable it appears that the value for A* which has just 
been computed is a physically possible one. It is worthy of note that 
this value is sufficiently low to justify the assumption of a linear con¬ 
centration gradient in the unstirred layers which was made. 

The theory which has been developed in this paper is subject to 
many obvious refinements and it may be necessary to amend certain 
aspects of the physical interpretation of the experiment. Thus there 
are many** who consider reaction velocities in heterogeneous systems 
to be determined by a slow attainment of equilibria at the phase 
boundaries and not by the time element in the diffusion across un¬ 
stirred layers. It is important to note, however, that either picture 
will lead to essentially the same differential equations as those de¬ 
veloped in this paper though, of course, the physical interpretation of 
the constants will differ. 


XI 

SUMMARY 

The differential equations which describe the simultaneous diffusion 
of water and a salt in a cell model have been formulated and solved. 
The equations have been derived from the general laws which describe 

** Davis, H. S., and Crandall, G. S., J. Am. Chem. Soc., 1930, 62, 3757. 

** See, for example, Roller, P. S., J. Phys. Chem., 1932, 36,1202, 
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diffusion processes, thereby furnishing a physical interpretation for 
the constants which enter into the theory. The theoretical time 
curves for the two diffusing substances are in good agreement with the 
experimentally determined curves and accurately reproduce all of the 
essential characteristics of the experiment. 
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II. The Measueebient of Critical Fusion Frequency for the 

Human Eve 

By SELIG HECHT, SIMON SHLAER, and CORNELIS D. VERRIJP* 

{From the Laboratory of Biophysics, Columbia University, New York) 

(Accepted for publication, May 24,1933) 

I 

Critical Frequency 

A field which is illuminated intermittently at a sufficiently high 
frequency produces a visual sensation similar to that of a field which 
is illuminated continuously. The frequency of interruptions at which 
this fusion of visual impressions takes place is called the critical fre¬ 
quency of flicker. Under controlled conditions the determination of 
this critical fusion frequency may be made with considerable accuracy. 

A large body of work has been done in an effort to describe the 
precise value of the critical frequency under a variety of circumstances. 
These measurements will be described and evaluated in the next 
paper of this series. Here it is enough to state that the influence of 
the various factors on critical frequency is not wholly clear at present, 
especially in those aspects whose theoretical significance is most in¬ 
teresting. We have therefore undertaken an investigation of this 
problem, the results of which are to be presented in this group of 
papers. This paper is concerned with apparatus and methods, both 
of which it is necessary to describe in detail because of their significant 
bearing on the character of the measurements obtained previously 
and at present. 

The apparatus was designed to present to the observer a small field 
of light periodically interrupted and surrounded by a much larger 
field continuously illuminated, but otherwise the same as the inter¬ 
rupted field. The various parts of the apparatus are then concerned 

* Fellow (1929-30) of the Donders Foundation (Holland). 
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with controlling and recording the position, intensity, spectral com¬ 
position, and frequency of interruption of the visual field in their rela¬ 
tion to the determination of the critical frequency of flicker by specific 
portions of the observer’s eye. 

II 

Optical System 

The arrangement of the apparatus is shown diagrammatically in 
Fig. 1. The source of light is a concentrated filament, 500 watt, 
projection Mazda lamp, running on 110 volts and 4.2 amperes direct 
current furnished by storage cells. The lamp is placed in a rectangular 
lamp house which possesses a circular opening 30 mm. in diameter 
in each of two adjacent walls. The openings are covered with ground 
glass, and serve now as two secondary sources of illumination. 

The light from one is deflected 90° in its path, by a totally reflecting 
prism, and focussed by a lens into the plane of a rotating, sectored 
wheel with four 45° sectors removed. The diverging light then passes 
through a hole in the silvering of a photometer cube, immediately 
after which it is focussed by a lens on to the exit pupil. Between this 
last lens and the exit pupil there are (a) places for filters, of which 
we used both neutral and monochromatic, {h) a neutral, balanced, 
Eastman Kodak gelatine wedge, and (c) a very thin slip of glass, 
tilted so as to reflect a red fixation point into the eye looking through 
the exit pupil. 

The light from the other ground glass of the lamp house passes 
through an identical optical system and eventually impinges on the 
photometer cube, where it is reflected from the silvered diagonal face, 
through the lens, filters, wedge, and glass slip, on to the exit pupil. 
All light paths, prisms, sector wheel, etc., are enclosed in blackened 
tubing or in blackened housing to reduce stray light to a minimum. 

The exit pupil is a circular opening 1.8 mm. in diameter, and con¬ 
stitutes the artificial pupil through which all the observations are 
made. An eye looking into the exit pupil sees the photometer cube 
through the wedge, balancer, filters, and lens, and sees it bounded by 
the circular edge of the lens. The visual field is thus a circular area 
10° in diameter with a circular hole in it, 2° in diameter. The hole in 
the silvering on the diagonal of the cube is actually an ellipse, so 
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made that in front view it appears circular. The larger circular field 
surrounding this opening is illuminated with continuous light; the 
smaller, central observation field is illuminated with intermittent 
light whose frequency depends on the rate at which the sector wheel 
rotates. 




- 4 - f/7fer 



Fig. 1. A simplified, diagrammatic plan of the optical arrangements used in 
the measurements of critical frequency. 

The filament of the Mazda lamp in the lamp house is in one plane. 
By rotating the lamp, one can vary the relative amount of light which 
falls on the two ground glass surfaces. This in turn controls the rela¬ 
tive brightness of the inner, intermittently illuminated, test field, and 
the outer, continuously illuminated, surrounding field. In all our 
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measurements we so adjusted the lamp that the brightness of the 
whole field was uniform; that is, that the brightness of the surrounding 
field was the same as the brightness of the test field when the sectored 
wheel was going well beyond the critical frequency of flicker, and the 
central field appeared continuously illuminated. 

Our main reason for using the 10° surround of the same brightness 
as the experimental field is to be certain that the region surrounding 
the measuring area is in the same state of adaptation as the measuring 
area itself.^ According to Lythgoe and Tansley (1929) the critical 
fusion frequency for most intensities becomes maximal when the sur¬ 
rounding field has the same brightness as the measuring field. 

Fixation was provided for in several ways. In some of the meas¬ 
urements we used an ink spot on the lens in front of the cube. Later 
this was replaced by a luminous red fixation point reflected into the 
eye by a small cover-slip placed at an angle between the wedge and 
the exit pupil. The fixation point could then be adjusted for any 
desired visual angle by varying the tilt of the cover-slip. In the 
measurements made by C. D. V. on the field 20° off-center, a red 
fixation point was viewed through a prism by the other, non-measuring 
eye, and the binocular functioning of the two eyes was relied on to 
keep the working eye fixated. 

The intensity of the light coming through the exit pupil is ‘varied 
by means of two neutral, decimal, filters transmitting approximately 

‘ This point is frequently not appreciated, as, for example, in the recent work of 
Wilcox (19.32). In this, the distance between two extremely small, illuminated 
stripes viewed against an absolutely dark background is used for measuring the rela¬ 
tion of visual acuity to illumination. By this method Wilcox secures results 
which, at high illuminations of the stripes, do not resemble those obtained by 
previous workers; he therefore finds the theoretical treatment of such data in¬ 
adequate. 

Wilcox apparently does not realize that the term retinal illumination must bear 
some relation to the general light intensity prevailing on the retina in and around 
the area used for making the measurement. In Wilcox’s case the total illuminated 
area of the two stripes occupies only 4.5 x 20 minutes of visual angle. Obviously 
one cannot know what the illumination on the retina b when, in the effort to 
resolve a small and very brightly illuminated test object, the eye moves here and 
there so that successive small retinal areas are now in very bright illumination 
and now in complete darkness. This is a problem in glare and not in visual acuity. 
Such a situation is here avoided by means of a comparatively large surroimd. 
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1/100 and 1/10,000 of the light, and a neutral wedge with a trans¬ 
mission range of 1 to 1000. The combination of wedge and neutral 
filters enables us to cover easily and accurately a range of illumination 
between 1 and 50,000,000 units. The spectral composition of the 
field is varied by placing Wratten Monochromatic Filters, Nos. 70 
to 76, in the path of the light. The filters and wedge are from the 
Eastman Kodak Company. 

The wedge is mounted so as to be moved by a rack and pinion, 
and is so arranged that its position may be read easily to 0.1 mm. on 
an attached millimeter scale. We calibrated the wedge by measuring 
the transmitted illumination at 13 points along its length by means 
of a Macbeth illuminometer. The relation between log I trans¬ 
mitted and distance along the wedge is linear, as is to be expected 
from the construction of the wedge. 

The apparent brightness seen by the eye looking through the exit 
pupil, was measured by matching it against a white surface placed 
so as to cut off part of the visual field furnished by the lens. The 
illumination on the white surface was given by a lamp which was 
moved until the white surface, when viewed through the exit pupil, 
matched the rest of the field. The photometric brightness on the 
white surface was then measured directly with the illuminometer 
after the exit pupil had been removed. The factor for converting 
units of photometric brightness (millilamberts) into units of retinal 
illumination (photons) is 7ra/10 where a is the pupil area, and x = 
3.142. With the present apparatus, which has a pupil area of 2.54 
sq. mm. the maximum retinal illumination available in the central 
test area when it is not interrupted is very nearly 6000 photons. 

'The “neutral” filters we calibrated with a Martens polarization 
photometer for white light, and for each of the monochromatic filters. 
We first calibrated a 1/10 filter. Then keeping the 1/10 filter in 
place we put the 1 /lOO filter in the path of the other beam of the pho¬ 
tometer. The difference between the two filters is then of the order of 
1/10, which is readable with good accuracy on the scale of the polar¬ 
ization photometer. In the same way we calibrated a 1/1000 filter 
against the 1/100, and finally the 1/10,000 against the 1/1000 filter. 
In the measurements we used only the 1/100 and the 1/10,000 filters. 
The monochromatic filters we calibrated with a Koenig-Martens 
spectrophotometer. 
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III 

Control of Frequency 

'rhe sector wheel, which is made of cold-rolled steel, is solidly 
mounted on an axle which rests in a special iron casting made to 
support and hold it. It can be actuated by either of two motors. 
For high speed its shaft is continuous with the shaft of a series-wound, 
high speed 1/8 horse power motor, while for low speeds it is driven by a 
1/20 horse power, shunt-wound motor through a reducing gear and 
belt. The speed of the motors may be varied by means of rheostats 
in series with their power supply. The motors run on 110 volts, 
direct current supplied from storage cells. 

There are two reasons for having two motors. One is that a single 
motor, unless it is run in connection with a variety of pulleys and 
wheels, cannot by variations in current supply be made to negotiate 
easily and smoothly the entire extent of frequencies which we desired. 
The other reason is that at low speeds we often wished to set a flicker 
frequency and to adjust the intensity of light until the flicker either 
just disapf>eared or just became visible. This requires the motor 
to remain quite steady, which can be accomplished by the shimt- 
wound motor. At higher frequencies we usually wished to set the 
intensity and to vary the speed of flicker. For this purpose it is 
desirable to have a motor which responds rapidly to change in power 
supply; this is accomplished by the series-wound motor. 

It is of interest to determine the sharpness of cut-off and reappear¬ 
ance of the light by means of the sectored wheel. By clamping a 
long pointer perpendicularly to the long axis of the shaft of the sectored 
disc, we were able accurately to determine the angle through which the 
disc has to move in order for the visual field to pass from complete 
extinction to full intensity. This turns out to be nearly 3° of arc, and 
shows that the cut-off and reappearance of the illumination may be 
considered as practically rectangular. 

For this work we wished to cover a rather large range of speeds for 
the rotation of the sector disc; in particular we wished to record the 
very slow speeds. We could find no commercially available tachom¬ 
eter which possessed both the desired range and the necessary 
accuracy. We therefore adopted the procedure of timin g a given 
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number of revolutions of the disc. In the beginning this was done by 
permanently connecting the shaft of the sectored disc with a revolu¬ 
tion counter which made an audible contact every 100 revolutions 
through a relay S 5 rstem. The audible contacts were then timed with 
a stop-watch. This was for the faster speeds. For the slow speeds, 
the rotation of the shaft itself was directly observed, and 10 revolu¬ 
tions were timed with a stop-watch. Later the entire arrangement 
was made automatic by means of an electrical circuit a description of 
which follows. 


IV 

Automatic Timing 

The system developed for automatically timing the rotational fre¬ 
quency of the sector disc consists essentially of three parts. The first 
is a small-angle contact on the shaft of the disc; this contact gives rise 
to one electrical impulse per revolution of the disc. The second part 
is an adding relay, through the primary circuit of which these im¬ 
pulses pass; the adding relay has a commutator on its face so arranged 
that its secondary circuit can be opened for a variable number of 
primary impulses. The third part is a Cenco impulse counter (KIop- 
steg, 1929) running on 60 cycle current; this impulse counter is used 
as a time-measuring device and is controlled through a polar relay by 
the secondary circuit of the adding relay. By this means the time 
occupied by a selected number of revolutions of the disc is automati¬ 
cally recorded in units of 1/120 of a second. 

The range of flicker frequency covered in these experiments is 
from 2 to 60 per second. Since the sector disc gives 4 flicker cycles 
per revolution, the range of rotational frequency to be measured lies 
between j and 15 revolutions per second. Since the inherent 
accuracy of the time-measuring system is 1/120 of a second, the short¬ 
est timing interval has to be about one second to achieve an accuracy 
of better than 1 per cent. This means that at the highest speeds of 
rotation 15 revolutions of the sector disc must be timed, whereas at 
the lowest speeds only 1 revolution is sufficient. It is therefore 
necessary to arrange for a change at will of the munber of revolutions 
to be timed. 

In Fig. 2, which shows diagrammatically the arrangement of the 
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timing system, the particular device for selecting the number of revolu¬ 
tions to be timed is the adding relay AR. It is similar to the Cenco 
interval timer, but sturdier, and has been modified by replacing its 
pointer and scale with a contact arm and commutator, C. The 
contact arm moves 1/100 of the circumference with each impulse 
through its coils. A hard rubber ring, containing fifty brass segments 



Fig. 2. Diagram of wiring and construction of the apparatus made to record 
automatically the speed of the sectored disc used to interrupt the light for critical 
frequency measurements. A complete description is in the text. 


imbedded radially in it, forms the circumference against which travels 
the hardened steel roller at the end of the arm. The fifty segments 
are divided into three circuits. One contains every odd fifth; the 
second, every even fifth; and the third, aU the other segments. Thus 
by joining all the three circuits together we get a contact every two 
impulses through the electromagnet; by joining only the first two, 
we get a contact every ten impulses; and by using either of the first two 
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alone we get a contact every twenty impulses. The function of these 
contacts is to actuate an ordinary relay, R, which makes the electrical 
impulses generated by the sector disc control the opening or closing 
of the timing circuit through the polar relay PR. An additional 
contact P is put on the armature of the adding relay AR, to prevent 
arcing at the commutator C. 

The complete system may be understood by first following the 
circuit through the contact DC on the sector disc shaft. Beginning 
at the 110 volt direct current supply, one side of the line comes through 
one pole of the switch, 5), the variable resistance ri, the milliameter 
MA, and the contact DC to the armature of the relay R. From there 
it can go through either one of two windings on the polar relay PR 
depending on whether there is current flowing through the coils of 
relay R or not. 

If there is a current through the coils of R, then the circuit from DC 
will go into coil 1 of PR and out through switch St to the other side 
of the line. Starting with the armature of the PR in an open position, 
impulses passing through coil 1 have no effect since only an impulse 
through coil 2 can close it. 

When, however, there is no current through the coils of relay R, the 
circuit from DC divides into two parallel paths. One is through coil 
2 of the polar relay PR, causing its armature circuit to be closed and 
thus starting the Cenco impulse counter, IC, recording the impulses 
of the sixty cycle current. The other path of the circuit from DC is 
through the coils of the adding relay AR, which records the number 
of impulses generated by the contact DC by moving its arm one 
division per impulse as already described. 

The commutator circuit of .42? is in series with the coils of R and its 
power supply. Thus the impulses generated by DC control the cur¬ 
rent in the coils of R, which in turn controls the recording of time by 
the Cenco impulse counter by means of PR. Switch 5$ may be set 
to record the time interval between 3, 11, or 21 consecutive impulses, 
which then corresponds to the time for 2,10, or 20 complete rotations 
of the sector disc. 

Due to the fact that the duration of the contact through DC varies 
with rotational speed, it is necessary to use a variable resistance, r\, 
and a m illiam eter, MA, in series with it to regulate the current. The 
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milliameter is a moving iron type of 750 milliampere range chosen 
because of its sluggish response. The resistance is adjusted so that 
the milliameter reads between 150 and 200 milliamperes. This value 
was found to be the optimum for all speeds of the sectored disc. The 
fixed resistance, fj, merely acts as a current-limiting device for R. 

To operate the system, switch Si is closed first, thus starting the 
motors which actuate the sector disc. The observer adjusts the speed 
of the motor to an approximately correct value and signals the re¬ 
corder. The recorder then closes Si and adjusts n to the correct 
value indicated by MA. The circuit through R is now closed, and 
therefore the impulses generated by DC pass through coil 1 of PR, 
leaving the Cenco counter circuit open. The observer, after adjusting 
the speed to the critical value, signals the recorder who then initiates 
a measurement. This is accomplished by opening the circuit through 
R by means of key K. As soon as the key is opened, the armature 
of relay R is pulled away by its spring and the next impulse from DC 
does two things at once. It goes through coil 2 of PR which closes 
the Cenco counter circuit and moves the arm of AR one division. 
After this happens, K is released since the commutator circuit is now 
open. The following impulses from DC have no further effect on the 
timing circuit, but they continue to move the arm oi A R one division 
per impulse until it reaches the next “live” segment. Immediately 
after the last impulse passes, the armature of AR closes the circuit 
through R and the following impulse from DC passes through coil 1 
of PR which opens the Cenco counter circuit. Thus the Cenco counter 
gives directly the time in 1/120 of a second that has elapsed during the 
rotations corresponding in number to the steps between two adjacent 
“live” segments in the armature C. 

The whole system was checked for errors in time introduced by 
the various relays by causing a powerful double-throw snap switch 
to operate another Cenco interval timer simultaneously with the 
complete train of relays. In about two-thirds of the trials, the whole 
system was 1/120 of a second slower than the check counter, while 
in the rest of the trials no difference between the two counters was 
apparent. 



S. HECHT, S. SHLAER, AND C. D. VERRIJP 


247 


V 

Procedure 

Before beginning work the subject became dark adapted by remain¬ 
ing in the dark room in which the measurements were made. For 
observations with the fovea, at least 15 minutes stay in the dark was 
given before operations were begun, which means about 25 minutes 
of dark adaptation before the first observation was recorded. Dark 
adaptation for the fovea is complete in much less time than this 
(Hecht, 1921). For measurements with the periphery of the eye at 
least three-quarters of an hour, and most often 1 hour of dark adapta¬ 
tion was given, before the first readings were made. This permitted 
complete dark adaptation. The measurements were always begun 
at the lowest illuminations, except in the special instances when only 
the higher frequencies of flicker were being investigated. Under these 
circumstances only a short period of adaptation was given. 

The subject sat comfortably with his head in a chin-rest, and was 
optically separated from the rest of the dark room by a cubicle around 
his head. This cubicle was open at the back; but when necessary a 
cloth was thrown over it and over the shoulders of the observer to 
exclude all light except that which enters his eye through the observa¬ 
tion pupil. Later, by proper screening of the light source and by 
encasing it in a metal housing, the last precaution became unnecessary 
even at the very lowest illuminations. 

With each measurement the subject looked at the field for about a 
minute before beginning the setting. The manipulation preceding 
a decision required at least a minute, usually more, especially at the 
very low illuminations. Thus by the time the setting was made, the 
eye had been observing the field for at least 2 minutes, and usually 
for much longer. This insured the adaptation of the functional 
retinal region to the intensity under investigation (Lythgoe and 
Tansley, 1929). 

The measurements were made in one of two ways, either by finding 
the intensity required for the extinction of a predetermined frequency 
of flicker, or by finding the frequency of flicker which would just be 
extinguished at a predetermined intensity of illumination. For the 
first method the motor was turned on and regulated until it ran at a 
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chosen constant speed. The subject then got ready, and the light 
was turned on. The subject controlled the wedge which he now ad¬ 
justed until the flicker in the center of the field disappeared. The 
speed of the sector disc was immediately recorded, as well as the 
position of the wedge. The position of the wedge was then changed, 
and after a moment’s rest, the subject again set it so as to extinguish 
the flicker. The speed of the sectored disc and the position of the 
wedge were again recorded. When the required number of settings 
had been made for one frequency, the subject rested for about 5 
minutes in the dark, while the motor was changed and regulated for a 
different frequency of flicker. The settings were then made as before, 
and the procedure repeated until the selected frequencies had been 
investigated. This method was used only for the lower intensities, 
particularly with C. D. V. as subject. 

For the second method, the wedge and filters were set for a given 
illumination, and by moving a sliding rheostat, the subject adjusted 
the speed of the rotating sector disc until flicker just disappeared. 
The remainder of the procedure was the same as in the first method. 
The second method was always used at the higher illuminations; in. the 
later measurements with S. H. as subject, it was most commonly used 
for the lower illuminations as well. 

We could detect no difference in the results secured by the two 
methods, and we therefore used them to their best advantage. For 
example, as will become apparent in the following paper, the critical 
fusion frequency for certain parts of the retina remains constant or 
varies but slightly over a large range of intensities. Obviously here 
it is better to keep the illumination constant and to vary the motor 
speed. 

In the early measurements, especially with C. D. V., we made at 
least 5 and often 10 and 15 settings for a given frequency of flicker. 
As the subject gained in experience, and we gained confidence in the 
measurements, this number was reduced until we were satisfied with 
two settings if they agreed with each other. We found no difference 
in accuracy when securing two readings only as opposed to ten or 
more. In fact, especially with S. H., we found fewer readings much 
more desirable, since a complete set of readings over the whole in¬ 
tensity range could be made at one sitting without any feeling of 
fatigue or strain. 
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VI 

SUMMARY 

An apparatus and a procedure are described to measure the critical 
frequency of flicker using different portions of the eye. The observer, 
looking through a pupil of fixed dimensions, views a field of 2° whose 
illumination is periodically interrupted and which is surrounded by a 
field of 10° whose illumination is continuous but otherwise identical 
with the interrupted field. Various parts of the apparatus are con¬ 
cerned with controlling and recording the retinal position of the field, 
its intensity, its spectral composition, and the frequency of inter¬ 
ruption of its illumination. The procedure is so simplified and regu¬ 
lated that a complete set of readings over the whole intensity range of 
vision can be made at one sitting without fatigue or strain. 
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I 

Present State of Problem 

1. Previous Work .—The critical frequency at which the visual fu¬ 
sion of rhythmically produced illumination takes place depends for its 
value on a variety of factors. The most effective of these is the in¬ 
tensity of the illumination. 

The dependence of critical frequency on illumination was recognized 
by Plateau a century ago (1829), and is apparent from the later work 
of Emsmann (1854) and of Nichols (1884); but it was Ferry (1892) who 
first proposed the formulation that the critical fusion frequency varies 
directly with the logarithm of the intensity.^ Ferry’s published meas¬ 
urements do not support his generalization. In a plot of critical 
frequency against log /, his data, though covering little more than one 

* A preliminary report of this work was given to the Dutch Ophthalmological 
Society in December, 1930, and appears in the Nederl. Tijdschr. Geneesk., April 
25,1931, p. 2274. It was reported more fully at the meeting of the Optical Society 
of America in February, 1933, and appears in abstract in the J. Opt. Soc. America, 
1933,23,194. 

** Fellow (1929-30) of the Donders Foundation (Holland). 

1 Ferry’s actual statement is that the “persistence” of vision is inversely pro¬ 
portional to log I. By “persistence” Ferry merely means the necessary duration 
of the light flash alone, at the critical fusion frequency. The interval is thus equal 
to one half of the redprocal of the critical frequency. It was generally believed 
that this time interval measures “the duration of the retinal impression,” and 
Ferry so construes his data. The term is still used by Allen (1926), though Griin- 
baum (1898) long ago exposed its absurdities. 
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logarithmic unit, form a sharply curved line convex to the log / axis, 
and bear no resemblance to the results of later investigators. 

Adequate measurements of the relation between intensity and fusion 
frequency were first made by Porter (1902) who used an intensity 
range of 1 to 50,000. His data fall on two straight lines intersecting 
at an illumination of about 0.25 meter candles. Porter’s work was 
corroborated by Kennelly and Whiting (1907), by Ives (1912), and 
by Luckiesh (1914). Ives measured not only white light but also 
colored lights and found that the data for different parts of the spec¬ 
trum show a dual logarithmic relation similar to that for white light. 
The slope of the lines, however, varies with the wave-length, the upper 
and lower lines varying independently. For blue light Ives found 
that the lower line becomes horizontal. All these peculiarities of 
slope disappear when a small field is used. 

Allen (1919,1926) has in general confirmed the work of Porter and of 
Ives, but has differed from them by drawing through his measure¬ 
ments about five short straight lines of different slope instead of the 
usual two. In our estimation, the data presented by Allen do not 
justify this treatment; the points appear to lie on a continuously curv¬ 
ing line. The recent work of Lythgoe and Tansley (1929), distinctly 
gives no support to Allen’s multiplicity of straight lines. 

Lythgoe and Tansley’s measurements confirm the logarithmic rela¬ 
tion of intensity to fusion frequency, but Lythgoe and Tansley attach 
no importance to its strict formulation as done by Ferry, by Porter, 
and by Ives, and consider that their data agree only under certain con¬ 
ditions with the linear relation of critical frequency to log I. The 
same may be said about the measurements of Granit and Harper 
(1930), who found that for a range of about 1 to 1000 in intensity the 
critical frequency is very nearly directly proportional to the logarithm 
of the intensity. For higher intensities the relationship does not hold, 
and the curve of frequency against log / tends to become horizontal, as 
already found by Griinbaum (1898). 

Recently Salzle (1932) has measured this relation for the first time 
in an animal other than man. He finds for the dragon fly larva that 
critical frequency is a sigmoid function of log /, the curve being nearly 
horizontal at upper and lower critical frequencies. In a paper just 
published. Wolf (1933) records precisely similar measurements for the 
honey bee. 



SELIG HECHT AND CORNELIS D. VEMUJP 


253 


Of the other numerous observations relating to intensity and critical 
frequency, some cover so small a range (e.g. Pi6ron, 1922; Polikarpoff, 
1926) that no certain conclusions can be drawn from them about these 
variables, while others deal with the influence of various conditions 
on critical frequency and are not relevant here (cf. Parsons, 1924). 

2. Need for the Present Work .—In spite of all this work the relation 
between intensity and critical fusion frequency is not adequately 
known in several important respects. In the first place, none of the 
measurements cover a range of intensities sufficiently wide to define 
the relationship over the functional range of the eye, and to include 
very high and very low illuminations. As a result of this lack, we 
know almost nothing about fusion frequencies below 10 cycles and 
above 40 cycles per second. 

In the second place, none of the measurements except those of Ives 
describe the real relation between illumination and retinal effect, 
because they were all made with the natural pupil, and thus contain 
an additional and uncertain variable. The correction of such data by 
means of existing measurements of the pupil area (Reeves, 1918), al¬ 
ready a dubious procedure since Schroeder’s (1926) work, has now be¬ 
come meaningless in terms of the studies on the pupil by Stiles and 
Crawford (1933). 

In order that an adequate theoretical structure may be built for the 
physiology of ^ermittent illumination, it is obviously necessary to 
possess the data'in a fairly complete condition. 'We therefore meas¬ 
ured the relation between critical fusion frequency and intensity for 
different portions of the retina over as large a range of illumination as 
possible, and under such conditions as to render the data reproducible 
and definitive. 

II 

Method and Material 

The details of the apparatus and of the procedure which we used for 
this work have, for editorial convenience, been described separately 
in the preceding paper of this group. 

All the measurements here recorded were made with the right eye of 
C. D. V. and with the right eye of S. H. When C. D. V. was the ob¬ 
server, S. H. acted as manipulator and recorder. When S. H. was ob¬ 
server, the manipulations and recording were made in the main by Mr. 
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Morton Schweitzer, and occasionally by Mr. Simon Shlaer. We wish 
to record here our indebtedness to both these gentlemen for their 
kindness. 


Ill 

Measurements with the Fovea 

The data which we secured fall into several groups, depending on the 
ideas which urged us to make them. The original measurements of 
Porter, when plotted as critical frequency against log I show two 
straight lines, one of small slope, and continuing from it, another of 
greater slope. In conformity with the duplicity theory (von Kries, 
1929) it is generally supposed that the lower line represents the func¬ 
tioning of the rods, while the upper, steeper line represents the func¬ 
tion of the cones. The transition from the dominance of one system 
to that of the other then corresponds to the region of intersection of the 
two straight lines, which in Porter’s data comes at a frequency of about 
18 cycles per second. 

If this separation of rod and cone function is correct, it should be 
possible to get a more complete cone curve below this critical value by 
deliberately confining the measurements to the rod-free area of the 
fovea, and by maintaining the fixation at this place even below the 
break when the fixation normally would wander to the periphery. 
Our first measurements were therefore made with strictly central 
fixation. We used white light, and a flickering area 2° in diameter 
surrounded as already described by a 10° field continuously illumi¬ 
nated. The measurements thus concern that part of the fovea which 
according to Wolfrum (Dieter, 1924) is practically rod-free. 

The lowest intensity at which readings can be taken in this manner 
with the fovea is obviously well above the threshold of the rod sys¬ 
tem. It is even above the thresholds of some of the foveal cones as 
well, because we had to choose such an intensity that the slowest in¬ 
terruption in the illumination was clearly visible with central fixation. 
This is very nearly 0.01 photons. Below these intensities the field 
appears uniformly illuminated with central fixation even when the 
central test area of 2° is completely extinguished. 

The measurements for central fixation were taken over a period of 
3 months for C. D. V. and of a year and a half for S. H. Fig. 1 shows 



Cr/f/co/ f?v(^i/ena/'^Q/c/esper second 


SELIG HECHT AMD COSMELIS O. VERRIJP 255 

the 176 individual measurements made by S. H. Each setting is 
separately recorded so as to give an idea of the reproducibility of the 
observations. In this respect, the measurements of C. D. V. are 
exactly like those of S. H., but about three times as numerous, and 
thus more difficult to plot similarly in one figure. It is clear that 
the measurements, though protracted over a long period of time, are 
concordant and describe a real relationship in the eye. They may 
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Fig. 1. Critical frequency function of the rod-free fovea as influenced by the 
illumination. Data for S. H. recording the 176 separate measurements. The 
curve is the same one as drawn through the average data in Fig. 2. 

therefore be averaged in groups to record this relationship. The data 
so averaged are given in Table I and in Figs. 2 and 3. The line 
drawn through the unaveraged, individual measurements in Fig. 1 
is the same as the one drawn through the average data of Fig. 2, and 
shows that the process of averaging has merely served to smooth the 
data without in the least distorting the relationship which they 
describe. 
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The data indicate that the direct logarithmic relation between 
intensity and critical frequency holds for the middle region of inten¬ 
sities, but that the complete relationship is more nearly sigmoid, the 
S shape being quite drawn out. Two aspects of the data require 

TABLE I 

Critical fusion frequency (cycles per second) for white light at various retinal 
illuminations (photons). Test field 2° in center of fovea. Surround 10°. 


Right eye S.H. 

Right eye C.D.V. 

Criterion 

No. of 

Retinal 

('ritical 

No. of 

Retinal 

Critical 

readings 

illumination 

frequency 

readings 

illumination 

frequency 

Normal 

10 

0.0131 

4.59 

30 

0.0105 

3.95 


4 

0.0219 

6.75 

22 

0.0207 

6.14 


10 

0.0424 

9.59 

21 

0.0328 

8.51 


8 

0.0834 

12.55 

35 

0.0635 

11.70 


10 

0.184 

15.55 

25 

0.161 

15.00 


8 

0.391 

19.63 

23 

0.440 

19.86 


12 

1.02 

24.39 

32 

1.34 

25.82 


14 

2.43 

29.18 

33 

7.18 

33.98 


15 

5.79 

32.15 

29 

19.8 

38.64 


20 

18.0 

37.64 

40 

56.8 

UA3 


20 

42.7 

42.43 

48 

129. 

47.38 


13 

124. 

44.96 

35 

334. 

50.40 


10 

321. 

44.70 

35 

698. 

52.87 


9 

638. 

44.68 

22 

1803. 

52.00 


13 

1832. 

41.66 

25 

3556. 

52.15 





28 

6039. 

51.03 

No flicker on 

10 

490. 

50.3 




slight shift 

5 

1585. 1 

51.3 





12 

4571. 

48.0 




Rapid read¬ 


120. 

41.7 




ings 


331. 

40.7 






1000. 

39.4 






1950. 

37.5 





special consideration: first, the slope of the middle portion and second, 
the levelling-off and decrease of the critical frequency at the highest 
illuminations. 

In the range of intensities between about 0.1 photons and 100 
photons, the data, when plotted as in Figs. 2 and 3, lie with extra- 
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Fig. 2. Data for S. H. showing relation between critical frequency and log / for 
white light for three different retinal locations: at the fovea, and at 5® and 15® 
above the fovea. 
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Fig. 3. Data for C. D. V. showing relation between critical frequency and log I 
for white light for three retinal locations: at the fovea, and at 5® and 20® above the 
fovea. 
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ordinary precision on a straight line. In this respect we can confirm 
Porter, Ives, and the other workers. The slope of this line is 11.1 for 
CD. V., and 11.0 for S. H. 

We may strictly compare our measurements with those of Ives 
(1912 and 1922), the only previous worker who used a pupil of fixed 
dimensions. The slope of Ives’ 1912 data is 11.2, whereas for his 
1922 data it is 10.0. The slope of the upper portion of Porter’s data 
is 12.4. Kennelly and Whiting’s slope is 11.0. Luckiesh’s slope as 
published is 5.6, which is an extraordinarily low value. Most sec¬ 
tored wheels are constructed to give 4 cycles per revolution, and it is 
quite possible that Luckiesh erred in multiplying his motor frequencies 
by 2 and not by 4 to give cycles per second. His published slope, 
when multiplied by 2 gives 11.2. The same holds for Granit and 
Harper whose slope appears to be 5.5, but whose values must clearly 
be multiplied by 2 to record cycles per second and not motor fre¬ 
quencies. Their slope is therefore 11.0. Lythgoe and Tansley’s 
data for the fovea contain 3 or 4 points in this region of the curve. 
For their only observer who was trained in visual work (R. L.) these 
points are regular and show a slope of 11.0. For their two untrained 
observers the points are irregular; but they seem to show a slope of 
about 9.0. Allen’s (1926) measurements give a slope of 8.6 for yellow 
light of 570 mfi, which on the basis of general experience, may be con¬ 
sidered the same as for white light. Thus most observers record 
values between 9 and 12, with a preponderance of 11. These varia¬ 
tions do not seem to be connected with any obvious experimental 
conditions like pupil area, binocular observation, or size of field.* 

Little need be said about the data below 0.1 photons. The critical 
frequency continues to decrease as log I decreases forming a gentle 
curve convex to the axis of abscissas, and stopping fairly abruptly 

* The measurements with white light here recorded were terminated for C. D. V. 
in 1930 and for S. H. early in 1932. Recently, i.e. about a year after the series 
was terminated, measurements with white light, with foveal fixation, and with the 
identical apparatus have been made by S. H. with the startling result that the 
slope of the data is now nearly 10.0 instead of 11.0. It is significant also that Ives 
in later publications (Ives, 1922) shows a similar change in slope from 11.2 to 10.0 
for white light. Obviously there are unknown factors which seem to influence 
the value of the slope. 
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when with central fixation the field appears uniform even when the 
test area is extinguished. 

At the highest intensities the relation between critical frequency 
and log I rapidly ceases to be linear. As the intensity is raised a 
maximum critical frequency is soon reached, beyond which a further 
increase in intensity results in no further increase in critical frequency; 
rather it results in a decrease. The maximum critical frequency comes 
at about 500 photons for S. H. and at about 1000 photons for C. D. V. 
The value of the critical frequency at this maximum is 53 cycles per 
second for C. D. V. and 45 cycles per second for S. H. With a further 
increase in the intensity, the critical frequency distinctly decreases. 
At first we were skeptical about this, and therefore made many meas¬ 
urements in order to be certain of it. 

In the course of these observations at the higher intensities we tried 
two variations in the technic for securing the data already given. In 
the first, the procedure was like that heretofore used, except that the 
end-point for the extinction of flicker was considered reached on pro¬ 
longed observation only when no flicker was apparent even on a slight 
shift in fixation. The data, shown in Table I, indicate that by this 
rather undesirable criterion the critical frequency is raised consider¬ 
ably. In the second procedure, rigid fixation was maintained as 
usual, but the readings were made as rapidly as possible, say in about 
30 seconds, thus preventing the complete adaptation of the eye to the 
experimental intensity. The data, also given in Table I, show clearly 
that inadequate light-adaptation decreases the critical frequency, a 
fact already evident from the work of Lythgoe and Tansley. The 
significant thing about these data, is that in common with the pro¬ 
cedure normally used, they show a maximum critical frequency and a 
decline at the highest intensities. 

Considered as a whole, the foveal measurements definitely bear 
out the general notion advanced to account for the abrupt change in 
slope in the original data of Porter and in the subsequent measure¬ 
ments of Ives. This is that the steeper part of the data represents 
the function of the cones, and the less steep part represents the par¬ 
ticipation of the rods. When, as has been done by us, the meas¬ 
urements are confined to the fovea, in an area which is practically 
rod-free, only one continuous relationship appears between critical fre- 
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quency and intensity over the whole range, and it is to this relationship 
that the cone portion of previous investigators clearly corresponds. 

IV 

Measurements with the Periphery 

The correctness of this conclusion becomes even more apparent 
when the measurements are made with regions of the retina outside 
the fovea centralis. We measured the critical frequency for white 


TABLE II 


Critical fusion frequency (cycles per second) for white light at various retinal 
illuminations (photons). Test field T placed 5° above center of fovea. Surround 
10 °. 


Right eye S.H. 

Right eye C.D.V. 

No. of 

Retinal 

Critical 

No. of 

1 Retinal 

Critical 

readings 

illumination 

frequency 

readings 

illumination 

frequency 

4 

0.000166 


11 

0.000258 

2.53 

2 

0.000491 


9 

0.000518 

4.59 

4 

0.00134 

7.31 

7 

0.00185 

6:80 

4 

0,00710 

8.51 

5 

0.00698 

8.90 

2 

0.0138 

8.97 

12 

0.0276 

9.21 

5 

0.0264 

8.25 

12 

0.239 

9.67 

4 

0.0514 

7.70 

12 

0.764 

14.80 

6 

0.146 

9.41 

7 

2.98 

19.90 

6 

0.968 

15.32 

10 

7.93 

25.20 

6 

3.66 

19.70 

13 

24.2 

30.16 

7 

16.5 

26.66 

11 

448. 

37.10 

4 

138. 

34.70 

8 

2118. 

36.00 

5 

514. 

34.96 




5 

1954. 

31.70 





light with the same set-up as before but with fixation at 5° above the 
center, 15° above the center, and 20° above the center. The data 
thus concern a retinal test area of 2° diameter having a surround of 
10°, and situated at 5°, 15°, and 20° above the center of the eye. 

The data for 5° above the center are given in Table II and Fig. 2 
for S. H. and in Table II and Fig. 3 for C. D. V. In all essentials the 
two sets of measurements agree. At the lowest illumination the 
critical frequency rises very distinctly with log 7. As the intensity 
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reaches about 0.01 photons, the critical frequency ceases to increase, 
and remains approximately constant over a range of 1.25 logarithmic 
units. 

For C. D. V. this plateau is horizontal within the accuracy of the 
measurements; for S. H. the plateau has a slight, but distinct undula¬ 
tion. The undulation is not a product of averaging the data. It 
appears in every set of measurements made by S. H., and occasionally 
in those of C. D. V. Examination of the data of Ives shows the pres¬ 
ence of such an undulation in the measurements for blue light at lower 
intensities, where Ives supposes the relation between critical frequency 
and log / to be horizontal; it is also apparent in some of the data of 
Lythgoe and Tansley. 

The plateau in our data continues till about 0.2 photons, after which 
the critical frequency rises with log /. It continues to rise until 
it reaches a maximum at about 400 photons, after which it decreases 
as the intensity increases. 

Figs. 2 and 3 show that the data for 5° off-center clearly fall into 
two parts. The first is at low intensities, where the critical frequency 
first rises with log I and then reaches a maximum which is approxi¬ 
mately maintained. The intensity range covered by this rise and 
plateau is about 3.25 logarithmic units. The second part also begins 
with a rise in critical frequency as log I increases, and also terminates 
when the critical frequency reaches a maximum, and then declines. 
The intensity range covered by the second part is about 4 logarithmic 
units. 

For the low intensity rise of critical frequency, the slope of the data 
is 5.0 for C. D. V., and 4.5 for S. H. There are only three points each 
available for these determinations, but the points are well established. 
For the high intensity rise in critical frequency the slope of the data 
is 10.5 for C. D. V. and 8.5 for S. H. The slope for C. D. V. is thus 
only slightly less than for the fovea, whereas for S. H. it is distinctly 
less for the 5° fixation than for central fixation. 

The only measurements with which we can compare ours are those 
by Lythgoe and Tansley, who made a special point of determining the 
slope of their data at the higher illximinations for a 1° field placed 10° 
peripherally. Their two observers give slopes of 14.4 and 11.7 re¬ 
spectively. Lythgoe and Tansley state that the slope remains the 
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same for all parts of the retina, and indeed give the slope for one ob¬ 
server at 50° off-center as 11.7. Their other data (c/. especially their 
Fig. 12) distinctly do not bear out this conclusion, but indicate in¬ 
stead a higher slope for the periphery than for the fovea. This differ¬ 
ence between their and our data may be due to the difference in size of 
surround: ours covered 10° whereas theirs covered the whole eye. 
This may account also for the rather high values of the critical fre¬ 
quency found by them for the periphery. 

TABLE ni 

Critical fusion frequency (cycles per second) for white light at various retinal 
illuminations (photons). Test field 2° placed 15° above center of fovea for S. H. 
and 20° above center for C. D. V. Surround 10°. 


Right eye S.H. 15® above center 

No. of 
readings 

Retinal 

illumination 

Critical 

frequency 

2 

0.0000551 

2.62 

3 

0.000205 

5.33 

2 

0.000760 

9.61 

2 

0.00577 

9.31 

2 

0.0214 

9.14 

2 

0.0796 

8.43 

2 

0.551 

10.15 

2 

2.05 

11.45 

2 

7.60 

15.05 

2 

57.7 

18.05 

3 

214. 

17.63 

2 

796. 

17.05 


Right eye C.D.V. 20“ above center 


No. of 
readings 

Rcdnal 

illumination 

Critical 

frequency 

9 j 

0.000109 

2.65 

9 

0.000194 

4.44 

9 

0.000402 

6..08 

9 

0.00104 

8.10 

8 i 

0.00258 

9.04 

8 

0.00887 

9.26 

7 

0.0209 

9.44 

9 

0.0678 

9.63 

9 

0.218 

9.81 

9 

0.726 

11.30 

9 

1.52 

14.83 

9 

3.24 

18.00 

5 

7.78 

21.00 

15 

21.1 

22.06 

13 

144. 

22.60 

9 

3319. 

22.10 


The new element contained in our measurements of the periphery 
is the existence of two separate parts to the relationship between 
critical frequency and intensity. The measurements with the test 
field farther out in the periphery confirm and extend these findings. 
The data for a retinal test area of 2° with a 10° surround placed at 15° 
above the center are given in Table III and Fig. 2. The data for a 
similar area placed at 20° above the center are given in Table III and 
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Fig, 3. The data show the same division into two parts, each with a 
rise of critical frequency versus log I and subsequent plateau as do 
the data already given for a 5° peripheral displacement. 

The slope of the rise at low intensities is 6.1 for C. D. V. and 6.0 
for S. H. The slope for the rise at the higher intensities is 9.6 for 
C. D. V. and 7.0 for S. H. Again the value for C. D. V. is not very 
much below that for the fovea, whereas that for S. H. is distinctly less. 

The plateau for the 15“ and 20° off-center measurements is about 
0.75 log units longer than for the 5° off-center data. This is because 
at 15° and 20° the low values of the critical frequency occur at lower 
intensities and the high values occur at higher intensities than at 5° 
off-center. We are quite certain of this broadening out of the curve 
at low and high intensities for the more peripheral positions because 
we made special measurements to test this point. We do not record 
these special measurements here because they merely corroborate 
those already given in the tables and figures. 

v 

Various Quadrants 

The results we secured with peripheral stimulation seemed so 
striking, and yet so clear in their significance that we wished to be 
certain of their general validity over the retina. The peripheral data 
so far reported deal with regions above the fovea. We therefore mea¬ 
sured the relation between critical frequency and illumination for the 
same test area and surround as before, but placed 5° peripherally in 
the four principal directions; up, down, nasal, temporal. 

The data for C. D. V. are given in Table IV and in Fig. 4. Each 
group represents only one set of measurements made in a day. Each 
point is thus the average of two or three concordant readings. It is 
apparent that the essential phenomenon recorded is a general one, 
since the data all show the same division into two parts, with a rise 
and a plateau for each part. 

Certain details are to be noted in which the four directions differ. 
The height of the low intensity plateau seems to increase in the follow¬ 
ing order: temporal, nasal, down, and up. The two horizontal posi¬ 
tions have the same slope for the high intensity rise; its value is 8.7, 
and it is therefore less than the up position which as before is 10.4. 
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TABLE IV 


Critical fusion frequency (cycles per second) for white light at various retinal 
illuminations (photons). Test field 2® placed 5® away from center in four different 
directions. Right eye of C. D. V. Surround 10®. 


Nasal 

Temporal 

Down 

Up 

Retinal 

illumination 


Retinal 

illumination 

Critical 

frequency 

Retinal 

illumination 

Critical 

frequency 

Retinal 

illumination 

Critical 

frequency 

0.000372 

2.20 

0.000372 

2.24 

0.000438 

1.93 

0.000310 

2.50 

0.000873 

4.24 

0.00163 

4.84 

0.000693 

4.08 

0.000647 

4.24 

0.00381 

6.88 

0.00604 

5.76 

0.00145 

5.80 

0.00214 

6.32 

0.00980 

6.96 

0.0219 

6.68 

0.00418 

7.40 

0.0163 

8.92 

0.0276 

7.48 

0.0662 

6.88 

0.0142 

7.84 

0.0235 

8.28 

0.0662 

7.40 

0.200 

8.68 

0.0428 

7.96 

0.289 

10.4 

0.103 

7.40 

0.317 

10.7 

0.129 

8.28 

0.491 

12.4 

0.159 

9.08 

0.873 

14.8 

0.390 


1.38 

16.8 

1.05 

15.2 

3.99 

19.9 

0.693 

15.2 

6.18 

24.2 

4.80 

20.3 

15.5 

25.0 

1.59 


19.5 

29.4 

38.1 

29.6 

56.4 

30.3 

5.02 

23.8 

28.3 

29.8 

276. 

35.1 

276. 

36.2 

15.2 

30.3 

1589. 

34.8 






36.4 








37.7 








37.4 
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Fig. 4. Data for C. D. V. showing relation between critical frequency and log / 
for white light for 5® off-center in the four principal retinal directions. 
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Moreover the down position data show a slope of 12.0 which is dis¬ 
tinctly greater than that of the up position and of the fovea. Very 
likely these variations in detail represent variations in structure at 
which we can only guess in our present knowledge. Possibly they are 
related to the population density of the elements in various parts of 
the retina. 


VI 

Structural Interpretation 

The general relations among the data are apparent when they are 
considered all together as in Figs. 2 and 3. Their interpretation in 
terms of the well known histological composition of the retina is 
immediately obvious. 

The data for the fovea are represented by a single relationship be¬ 
tween critical frequency and illumination. Since there are almost no 
rods in the foveal area used for the measurements, the central fixation 
data must surely record the behavior of the cones of the fovea. 

The data for the periphery are represented by two separate rela¬ 
tionships between critical frequency and illumination. The part at 
the higher illuminations resembles the foveal curve in appearance, 
and for the 5° eccentric field, has practically the same slope. Clearly 
this portion also represents the behavior of the cones. Moreover, the 
portion of the peripheral data at low illumination is apparently a 
distinct and complete relationship, and does not appear in the foveal 
curves. The obvious conclusion here is that the rise and the plateau 
at low illuminations represent the function of the rods. 

These conclusions are strengthened by the fact that as the measure¬ 
ments are made farther in the periphery, the low intensity plateau be¬ 
comes longer, and therefore the separation between the rise at low 
intensities and the rise at high intensities becomes greater. Thus the 
rod system becomes more sensitive and the cone system less sensitive 
as the measuring area moves from the center farther into the pe¬ 
riphery. This is in keeping with the anatomical increase in number 
of rods and the converse decrease in cones as one proceeds along the 
retina toward the periphery. 

All our data and their structural interpretation are thus strictly in 
line with the knowledge and ideas embodied in the duplicity theory 
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(von Kries, 1929) which functionally separates the anatomically dis¬ 
tinct rods and cones, and places the dominance of the rod system at 
low illuminations and the dominance of the cone system at higher 
illuminations. It will be shown in a later paper of this series how 
this description of the data is further borne out by work with colored 
lights {cf. Hecht and Verrijp, 1933). 

vn 

SUMMARY 

When measurements of the critical fusion frequency for white light 
over a large range of intensities are made with the rod-free area of the 
fovea, the relation between critical frequency and log I is given by a 
single sigmoid curve, the middle portion of which approximates a 
straight line whose slope is 11.0. This single relation must be a func¬ 
tion of the foveal cones. 

When the measurements are made with a retinal area placed 5° 
from the fovea, and therefore containing both rods and cones, the 
relation between critical frequency and log I shows two clearly sepa¬ 
rated sections. At the lower intensities the relation is sigmoid and 
reaches an upper level at about 10 cycles per second, which is main¬ 
tained for 1.25 log units, and is followed by another sigmoid rela¬ 
tionship at the higher intensities similar to the one given by the rod- 
free area alone. 

These two parts of the data are obviously separate functions of the 
rods at low intensities and of the cones at high intensities. This is 
further borne out by similar measurements made with retinal areas 
15° and 20° from the fovea where the ratio of rods to cones is anatom¬ 
ically greater than at 5°. The two sections of the data come out 
farther apart on the intensity scale, the rod portion being at lower 
intensities and the cone portion at higher intensities than at 5°. 

The general form of the relation between critical frequency and 
intensity is therefore determined by the relative predominance of the 
cones and the rods in the retinal area used for the measurements. 
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IV. A Theoretical Interpretation of the Quantitative Data 

OF Fucker 

Bv SELIG HECHT and CORNELIS D. VERRIJP* 

{From (he Laboraiory of Biophysics, Columbia University, New York) 

(Accepted for publication, May 24,1933) 

I 

The Essence and Location of Flicker Changes 

In the intermittent stimulation by light the outside agent alternates 
abruptly between zero and the particular maximal intensity. When 
the frequency of this alternation is sufficiently low, the difference be¬ 
tween these extreme conditions is completely perceptible in sensation: 
the brightness during the light period is maximal, and during the dark 
period it is zero. As the alternation frequency increases, the two 
sensations become less sharply delimited in time and less clearly sepa¬ 
rated in intensity: the light period loses in brightness, and the dark 
period gains in brightness. The more frequent the alternation, the 
less is the difference between the successive sensations; and when the 
frequency is sufficiently high the difference between the successive 
sensations vanishes so that the outside fluctuating light appears con¬ 
tinuous. This shows that it is the time factor which is important 
in the transformation of external physical discontinuity into internal 
sensory continuity. 

The three places where this transformation may conceivably take 
place are the retina, the conducting paths, and the brain. Of these, 
the conducting mechanism may be quickly eliminated. All the mod¬ 
em work shows that if an optic nerve were supplied with a group of 
impulses sharply separated from, and rapidly alternating with a 
period of no impulses, it could maintain the separation of the two 

• Fellow (1929-30) of the Bonders Foundation (Holland). 
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periods even at a frequency of 50 cycles per second. However, in 
flicker the optic nerve receives no such sharply delimited alternation 
of phases. Adrian and Matthews (1928) found that in the eel’s 
eye the impulses along the nerve show no periodic changes for a fre¬ 
quency of intermittent retinal illumination as little as 5 cycles per 
second at low intensities, even though the nerve carries groups of 
impulses occurring three times as frequently at higher illuminations. 
Thus while the brain may be responsible for a part of the transforma¬ 
tion of intermittent illumination into continuous sensation, it is cer¬ 
tain that most of this transformation has already been accomplished 
in the retina. 

This conclusion is supported by other considerations. Brightness 
is probably determined by the number of impulses per unit time which 
reach the brain from a group of related retinal elements. Differences 
in the sensation of brightness can therefore be produced by differences 
in the number of elements which function in a given group and by 
differences in the frequency of impulses coming from each continuously 
functioning element. 

If the determining factor is the number of functional elements, 
recognition of flicker means such a fluctuation in the condition of the 
retina that during the light and dark phases of the flicker cycle a 
critical number of elements of marginal thresholds in a given group 
alternately function and cease to function. Flicker then disappears 
when the amplitude of fluctuation is below that required to set off 
and on these elements of marginal threshold. A similar condition 
obtains if the determining factor is the frequency with which a group 
of elements discharge impulses to the brain. In either case the con¬ 
trolling influence is in the retina. 


II 

The Data of Flicker 

Before considering the possible events in the retina which may be 
concerned in flicker we wish to summarize the essential facts in this 
field. This is necessary in order to lay down the minimal require¬ 
ments for any theoretical treatment of the subject. 

The first fact concerns the physiological effectiveness of inter¬ 
mittent stimulation by light when the frequency is above the critical 
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frequency, that is, when flicker has disappeared. This is described by 
Talbot’s law (Talbot, 1834) which states that the brightness under 
these circumstances equals the original steady brightness multiplied 
by the fraction which the actual duration of illumination is of the total 
duration of a complete cycle of light and dark. In other words, a 
reduction in the time of action of the light is equivalent physiologically 
to a corresponding reduction in its intensity. The evidence has been 
presented in the first paper of this series (Hecht and Wolf, 1932) and 
is derived from a sufficient variety of sources and animals to render 
certain the validity of Talbot’s law. 

The second group of facts deals with the influence of the intensity of 
illumination on the critical frequency. The details have been pre¬ 
sented in the preceding paper of this series. The relation between 
critical frequency and log / is sigmoid in form for both rods and cones. 
ITie maximum critical frequency for the cones is about 50 cycles per 
second; that of the rods about 10 cycles per second. The slope of 
the central part of the relationship is about 11 for the foveal cones 
and about half as much for the rods. The slope for the peripheral 
cones is about the same as for the foveal cones, but seems to vary for 
different persons and for different retinal positions. Also for a given 
illumination the critical frequency depends on the stimulated retinal 
area (Granit and Harper, 1930). 

The third set of data are concerned with the relation of critical fre¬ 
quency to the condition of the eye. Schaternikoff (1902) found that 
the critical frequency declines regularly and concomitantly with the 
dark adaptation of the eye. This has been confirmed by Lythgoe 
and Tansley (1929) who showed in addition that the critical frequency 
rises during light adaptation. 

The fourth fact, found by Porter (1902) and corroborated by Ives 
(1922), is that for a given illumination the critical frequency is a max¬ 
imum when the light and dark periods are approximately equal, and 
declines as either becomes significantly longer than the other. 

Ill 

Previous Formulations 

No existing theoretical treatment supplies a synthesis of these 
facts. The ideas of Pick (1863), S. Exner (1870), and K. Exner (1870), 
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though adequate in themselves, were concerned only with Talbot’s 
law and antedate the knowledge contributed by Porter of the relation 
between critical frequency and log I. Troland’s formulation (1913) 
is probably sound in that it uses the idea of a reversible sensory sys¬ 
tem. However it is too general to be of use with a set of data. Lasa- 
refif’s derivation (1926) also relies on a reversible sensory system and 
furnishes a description of Schatemikoff’s data on the influence of dark 
adaptation, and of the usual logarithmic relation between intensity 
and critical frequency. Lasareff’s treatment omits Talbot’s law, as 
well as the relation between light and dark ratio and frequency, and 
we have been unable to understand it sufficiently well to test its 
application to these properties of flicker. 

Ives’ “theory of intermittent vision” is the best and most concrete 
effort at including all the data existing at the time (1922). Ives 
assumes three steps in vision. The first is a reversible photochemical 
reaction of “such a nature that the equilibrium value under steady 
illumination is proportional to the logarithm of the stimulus;” the 
second step consists of a diffusion process according to the Fourier 
diffusion law, the purpose of which is to account for the conduction 
of the substance formed during the first step; the third step involves 
the perception process “in which the criterion for perception is that 
the time rate of change of the transmitted reaction must exceed a 
constant critical value.” The fairly complex mathematical develop¬ 
ment of these ideas yields Talbot’s law, the logarithmic relation, and 
the relation between light and dark ratio and critical frequency. 

We find three difficulties in adopting Ives’ treatment. First, Ives 
deals with the important logarithmic relation between intensity and 
photochemical effect merely by assuming it. Second, the logarithmic 
relation between intensity and critical frequency does not follow even 
from this assumed photochemical formation but results from the char¬ 
acter of the diffusion of the photoproducts postulated in the second 
step. Ives, himself, realizes the difficulty of placing such major theo¬ 
retical emphasis on this diffusion or conduction process. Third, even 
after accepting these two steps, one finds that the slope of the line 
relating log I and critical frequency does not come out from the theory, 
but is a value to be taken from the data. 
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IV 

Photochemical Derivation 

Because of these inadequacies in existing theory we propose to de¬ 
velop some ideas of our own with regard to flicker. The equations 
to be derived follow from the simple properties of the very first step 
in photoreception, and involve neither a special logarithmic assump¬ 
tion between intensity and photochemical effect, nor a second “con¬ 
duction” process. 

We wish explicitly to state that we consider our treatment only as a 
first approximation. The retina is a complicated structure, and not 
enough is known about it to furnish the material for an adequate 
formulation of so complex a phenomenon as flicker. However, no 
matter what else occurs in the retina, the very first step in vision must 
involve a photochemical change having certain fairly well defined 
characteristics (Hecht, 1931). Since the products of this photo¬ 
chemical change serve only to start the complicated train of events 
which finally )Hield a series of impukes in the optic nerve, it cannot be 
expected that the behavior of the photochemical system alone will 
yield a complete description of the receptor process. Nevertheless, 
because quantitative ideas are available in photochemistry it is neces¬ 
sary to discover how far this very first photochemical transformation 
can go in characterizing the photoreceptor process as a whole. In 
the present instance it is instructive and important to point out that 
the following study of this very first step in its relation to intermittent 
illumination already shows it to possess many of the essentially quan¬ 
titative properties of the physiology of flicker. 

We start with the familiar assumption (Hecht, 1931) that the first 
step in the photoreceptor process is a reversible photochemical re¬ 
action. The light changes a sensitive substance into two products 
which start the series of events ending in a nerve impulse, and which 
can recombine to form the original sensitive substance according to 
an ordinary “dark” reaction. Following well accepted photochemical 
ideas, the velocity of the reaction as a whole as it proceeds under the 
influence of light may be written 


— — kiHa — *) — 
at 


( 1 ) 
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where I is the intensity, a the initial concentration of sensitive material 
and X, the concentration of photoproducts. In the absence of light 
only the “dark” reaction goes, and the equation 



( 2 ) 


gives the rate at which it forms the photosensitive material 
In intermittent illumination these two reactions alternate rapidly, 
and at the disappearance of flicker, they form a steady state in which 
what has been decomposed during the light period is regenerated 
during the dark period. The time occupied by each light or dark 
exposure is A/, and is very short when flicker disappears. Therefore 
the velocity dx/dt may be considered constant, and equal to ^/At, 
where Ax is the change in concentration of photoproducts occurring 
between the beginning and the end of each exposure. Since the light 
and dark periods in these experiments are of equal duration, these 
two velocities are equal. On equating them we get 


where K = ki/kj. This is Talbot’s law for equal light and dark 
periods. 

For the critical disappearance of flicker it is supposed that Ax = c'; 
that is, that the fluctuation A* in the chemical concentration of photo¬ 
products is constant at a value c' which is just too small to cause the 
physiological change corresponding to a perceptible change in sensa¬ 
tion of brightness.' The critical frequency is n cycles of light and 


' This is a special form of the assumption which has run through much of the 
theoretical work with the photoreceptor process (Ilecht, 1923, 1931). However, 
we have also tried a derivation which assumes that flicker disappears when Ax 
becomes less than a constant fraction of x. This is equivalent to writing that Ax =■ 
h'x, where h' is a constant. The remaining development is similar to the one 
given in the text. As above, n = 1/2A/, which gives from equation (2) that 
* — 2h'n/ki. This, when substituted in equation (3) yields 


hKI ^ n» 

2 ha—n 


(5o) 


where k ki/2h'. Equation (5a) is obviously identical in form with equation 



SELIG HECHT AND CORNELIS D. VERMJP 


275 


dark flashes per second. Thus n = \M. Substituting these values 
of hx and of A/ in equation (2) and putting y/lc'lh = c, we get 

X - c Vn (4) 

as the relation between critical frequency and mean concentration of 
photoproducts in the reversible photochemical system. If now we 
put this value of x into equation (3) of the steady state the result is 


2c 



(5) 


which should describe the dependence of critical frequency on in¬ 
tensity, in a single homogeneous system such as a rod or a cone. In 
equation (5) a as usual is put at 100 per cent, while K and c are con¬ 
stants to be found from the data themselves. It is apparent that c 
is 100 divided by the square root of the maximum value of n, while K 
determines the position of the data on the axis of abscissas. 


V 

Numerical Comparisons 

Figs. 1 and 2 show the relation of equation (5) to the data of critical 
frequency secured by ourselves and presented in the preceding paper 
of this group. Consider first the measurements made with the rods 
located in the retinal area 5® above the center of the eye. For S. H., 
if we make K = 1,400,000 and c — 33.9, equation (5) becomes 20,600 
I = «/(2.95 — V«), which is the line drawn through the rod data in 
Fig. 1. Similarly for C. D. V. if iC = 500,000, and c = 32.4, then 
equation (5) becomes 7720 I = n/(3.08 — which is the line 
through the rod data in Fig. 2. The adequacy of equation (5) as a 
description of the data shows that the flicker function of the rods be- 

(3). We have applied it to the data and find that though not very different from 
equation (5), it is less adequate as a representation of the data even in a modifica¬ 
tion comparable to equation (6). For the lower intensities of the cones it yields 
values of « which are somewhat too high, more so than those derived from equa¬ 
tions (5) and (6). Equation (5a) and its derivation is preferred by C. D. V., 
whereas S. H. prefers the one given in the text. 
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haves as if it were controlled by the initial photochemical process in 
photoreception. 

The flicker function of the cones, however, is not to be described 
quite so simply. The main diflTiculty concerns the slope of the middle 
portion of the data for which equation (5) yields a value too large by a 
factor of about 2. Considering the variation which this slope shows 
in the measurements for different retinal positions and the uncertainty 
of the precise structural factors which determine this variation, we 



-3 -2 -/ 0/^3 

^et/na/ ///i/m/nat/on- /oyl-phofons 


Fig. 1. Theoretical representation of data of critical frequency for S. H. given 
in the preceding paper of this series. The curve through the low intensity section 
of the 5*^ off-center data is drawn from equation (5) whereas the other two curves 
are drawn from equation (6). The specific values of the constants are given in 
the text. 

have refrained from making any fundamental changes in the deriva¬ 
tion of equation (5) for use with the cones. Instead we have adopted 
a purely arbitrary method of correcting for the slope by attaching 
an exponent a to the intensity /. Equation (5) then becomes 
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which may now be used to compare with the data. We shgil con¬ 
sider the possible meaning of a in a moment. 

For the S. H. data of 5® off-center, if we put K = 228, a = O.SS, 
and c = 16.44, then equation (6) becomes 6.93 “ = «/(6.08 — \/«) 

which is the curve drawn through the 5° cone data in Fig. 1. In the 
same way for C. D. V., if we put K = 213, a = 0.50, and c = 15.81, 
then equation (6) becomes 6.74 /® “ = «/(6.33 — V«) which is 
dra\m through the 5° cone data in Fig. 2. For the foveal data of S. H. 



/iet/nat l//uminat/or)- fo^ I-photons 

Fig. 2. Theoretical representation of data of critical frequency for C. D. V. 
taken from the preceding paper of this series. The curve through the low inten¬ 
sity section of the 5® off-center data is drawn from equation (5); the other two 
curves are drawn from equation (6). The specific values of the constants are 
given in the text. 

the curve in Fig. 1 has the equation 11.72 /”■“ = «/(6.93 — y/n) de¬ 
rived by taWng K = 338, a = 0.52, and c = 14.43. For C. D. V. the 
curve through the foveal points in Fig. 2 has the equation 9.15 = 

»/(7.48 — Vm) secured by taking iC = 244, a - 0.44, andc = 13.36. 

We may therefore conclude from the numerical comparisons be¬ 
tween the data and the theoretical derivation that the first step in 
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photoreception considered as a reversible photochemical reaction is 
able to furnish a first order description of our flicker data. 

VI 

Deviations from Theory 

There are two aspects in which the data appear to deviate from so 
simple a formulation. The first is the down-turn of the critical 
frequency at the very highest retinal illuminations. These are of 
almost blinding brightness, and work at such intensities frequently 
has the unpleasant consequence of headache and persistent after¬ 
images. Disturbances of function are therefore not unexpected and 
may have their origins in vascular or other changes not immediately 
relevant. It is for this reason that the cone theoretical curves in 
Figs. 1 and 2 have been made to terminate higher than do the data. 
Possibly also this down-turn is related to the processes which normally 
follow and are controlled by the photoproducts (Hecht, 1931), 
(Adrian and Matthews, 1927). Catenary systems of this kind tend 
to prolong the effects of the light period at the expense of the dark 
period, and at very high illuminations would require the frequency 
to be reduced in order that the dark period may become perceptible. 

The second deviation from simple theory concerns the slope of the 
middle part for the cones, which is corrected by the exponent a. 
A possible explanation of the differences in the slope concerns the 
threshold distributions of the sensory elements and their connections 
(Lucas, 1905; Toy, 1922; Hecht, 1928). The photochemical deriva¬ 
tion is for a homogeneous system, and applies to a given ceU or to a 
number of cells of identical properties. However, if these cells and 
their connections, though activated by the same photochemical 
s)rstem, nevertheless possess different discharge thresholds, then their 
flicker function may require a new factor for its description. 

Perhaps the simplest and most adequate explanation of the neces¬ 
sity for the exponent a derives from its numerical value. The values 
for a used here are of the order of 0.5, and could indeed have been 
made exactly equal to 0.5 without any significant deviation from the 
data. This means that the velocity of the photochemical action of 
light in the cones is a square root function of the intensity. Such a 
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relation is fairly common in photochemical reactions, particularly in 
those involving the halogens (cf. Berthoud, 1926; and Griffith and 
McKeown, 1929). We have always assumed for the eye that the 
velocity is a linear function of the intensity of the light. This clearly 
holds for the rods; but there have already been indications in intensity 
discrimination data and also in visual acuity data (Hecht, 1931) that 
this is not adequate for the cones. It may be one of the contributions 
of the present data that they so clearly point toward the necessity 
of a square root function in this connection. 

VII 

Theoretical Extensions 

It remains to consider whether the derivation here given accounts 
for the other characteristics of flicker previously enumerated. Tal¬ 
bot’s law has already been dealt with in the first paper of this series 
(Hecht and Wolf, 1932) where its validity in terms of the photoreceptor 
system was demonstrated theoretically and experimentally. 

The critical frequency falls during dark adaptation and rises with 
light adaptation (Lythgoe and Tansley, 1929). We omit a mathe¬ 
matical derivation of these results and merely point out how they 
follow from equations (1), (2), and (4). Equation (1) shows that 
during light adaptation the concentration of photoproducts increases, 
and equation (2) shows that during dark adaptation it decreases. 
Since according to equation (4) the critical frequency » is a function 
of the concentration x it follows that during light adaptation the 
critical frequency to a given light must increase, whereas during dark 
adaptation it must decrease. 

The last aspect of flicker is the rise and fall of critical frequency at a 
given intensity as the ratio of dark period to light period increases. 
It is proposed to deal with this at some length at a future time; there¬ 
fore only the barest outline need be given now. The general equation 
for Talbot’s law {cf. Hecht and Wolf, 1932) is 

(7) 

p a — X 

where 1 /p is the fraction of the total cycle of light and dark occupied 
by the light period. Thus At is the duration of the light period. 
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pM that of the whole cycle, and {p — 1)A/ that of the dark period. 
The expression for the velocity during the dark period now becomes 


Ax 

(P - 1)A< 


ktx‘ 


( 8 ) 


into which may be substituted the value of the critical frequency, 
» = 1/pAt, and the previous assumption that Ax — c. The resulting 
relation between * and n is 


= 1 . _J_ „ 

k, ip-i) 

and may now be substituted in equation (7). 
yields 


(9) 

When solved, this 


- - ^ • — (KI + lap - y/AKIap + KU') 


2c 


( 10 ) 


as the relation between n, p, and I. At constant intensity this means 
that as p increases, the critical frequency n first increases to a max¬ 
imum and then decreases. The relation which equation (10) gives 
is not quite symmetrical, but the data (c/. Ives and Kingsbury, 1916) 
are not unequivocal in this respect. 


vni 

Comparisons with Other Visual Functions 

The division of our flicker data into a rod component and a cone 
component each functional at a difi'erent intensity level is in keeping 
with the previous theoretical treatment of intensity discrimination, 
of visual acuity, and of dark adaptation (Hecht, 1931). The compu¬ 
tations for intensity discrimination showed that the just effective 
difference in concentration of photoproducts required for a minimal 
intensity discrimination is much larger for the rods than for the cones. 
The same difference is shown in visual acuity, where the range of 
visual acuity units covered by the rods is much less than by the cones. 
Similarly here in the flicker data, the constant c in equations (5) and 
(6), which is proportional to the square root of the concentration 
change Ax, is more than twice as large for the rods as for the cones. 
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The value of Aa; for the rods is thus more than four times as large for 
the rods as for the cones, which means that the capacity for flicker 
discrimination is much coarser in the rods than in the cones. 

Another agreement concerns the relative values of K for the rods 
and for the cones. Both in intensity discrimination and in visual 
acuity, K for the rods is many times greater than K for the cones. 
The relation which this bears to the rate of dark adaptation of the two 
systems has already been discussed (Hecht, 1924). Here we find 
precisely the same difference in the K values, those for the rods being 
about a thousand times those for the cones. 

It is not possible to make more than this roughly quantitative com¬ 
parison of the constants and values secured from the various other 
data with those secured in flicker, because the two groups of data have 
been made under significantly different conditions. Our flicker data 
have been made with strict fixation and are always concerned with 
the behavior of specifically circumscribed retinal areas. The data 
of intensity discrimination and visual acuity, however, represent 
maximal functions of the eye as a whole in which the most effective 
region is used at any given moment. Thus at low intensities various 
parts of the periphery are used, while at higher intensities only the 
fovea is used. It would be of extraordinary interest in this connection 
to make measurements of visual acuity and of intensity discrimination 
with specifically fixated retinal areas. 

IX 

SUMMARY 

A theoretical treatment of the data of intermittent stimulation by 
light is presented in terms of the familiar reversible photochemical 
system previously used for other properties of vision. It appears 
that such a system considered merely as the initial event in photo¬ 
reception is capable of giving a first order quantitative description of 
the relation between critical frequency and illumination for different 
retinal regions, and of Talbot’s law. Moreover the development of 
this concept shows that the general form of most of the existing rela¬ 
tionships in flicker are already apparent in the characteristics of the 
behavior of this initial photochemical event. 
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THE CONVERSION OF FAT TO CARBOHYDRATE IN THE 
GERMINATING CASTOR BEAN 

I. The Respiratory Metabolism 
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The possible conversion of fat to carbohydrate in the mammalian 
body has been one of the most hotly contested problems in physiology. 
Nobody has yet brought forward evidence so convincing that his 
opponents on the other side of the argument have been compelled 
to yield ground. Very much of the so called evidence is worthless. 
It was with this conviction that the present writer persuaded certain 
of his pupils to take up the question and attempt to produce evidence 
which would be completely convincing, one way or the other. Three 
papers (1-3) already published have, it is believed, produced good 
evidence supporting the viewpoint of the late Professor Lusk, namely, 
that this conversion in the mammalian organism is at least extremely 
difficult and, under the conditions studied, not demonstrable. 

From a careful reading of the literature on the germination of the 
fatty seeds, it appeared that in this instance the evidence, so far as it 
has been developed, favors the conception that fat is converted to 
carbohydrate (sugar) for the obvious purpose of increased diffusibil- 
ity. At all events, this has been the interpretation of botanical phys¬ 
iologists. Since two lines of proof for conversion in the organs of the 
dog (and cat) had failed so signally under critical examination (2, 3) 
the writer wondered whether the evidence for the fatty seeds could 
really be so convincing as it seemed. It was with this attitude of 
skepticism that the present study was undertaken. 

The problem has been approached from three directions: (1) the 
significance of the respiratory quotient during normal germination; 
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(2) the changing composition of the seed as shown by combustion; 
and (3) the nature of the chemical changes. Only the first division 
of the subject is presented in this paper; the others follow immediately 
in this issue. 


HISTORICAL 

A brief sketch of the historical background must suffice, as the subject has been 
adequately reviewed in several places (4-6). The original observation that in the 
germination of fatty seeds the volume of oxygen absorbed exceeds considerably 
that of the carbon dioxide given off, was made by de Saussure (7) and this observa¬ 
tion gained special significance through the microchemical work of Sachs (8) con¬ 
firmed by Schmidt (9) and the chemical analyses of Peters (10) and of Detmer (11) 
—all demonstrating that during the most active stage of germination fat disappears 
rapidly and carbohydrate takes its place. It appeared therefore, as Detmer and 
Godlewski (12) clearly recognized, that oxygen was being used for the production 
of carbohydrate, an oxygen-rich substance, from fat, an oxygen-poor substance, as 
well as for combustion of fat. Godlewski found the R.Q. for the period of most 
rapid absorption of oxygen to be between 0.55 and 0.65. He modifies the equa¬ 
tions fijst proposed by Detmer for the transformation of triolein to starch after 
hydrolysis to oleic acid and glycerine. Thus: 

(CisHaaO,), CjHs + = SCisHaA + C,HA 


CwHjA +180a* = CaHioOfi -1- CaHgOa + lOCOj + 8HaO 


10 COa 
18 0, 


\ 

0.55 R.Q. (hypothetical “unknown substance”) 


* Godlewski uses 1702 which evidently is an error, since his equation does not 
balance. Ricinolein has a different formula (see Paper III). 


The total r.q. would depend upon how much fat and carbohydrate were being com¬ 
pletely oxidized to CO 2 and H 2 O at the same time. These equations would result 
in the formation of 58.3 gm. of starch from 100 gm. fat. Detmer^s analyses for 
the hemp seed show a loss of 15.56 per cent of fat and the neoformation of 8.64 
per cent of starch in its place during the first 7 days of germination of the hemp 
seed. For 15.56 gm. fat Godlewski^s equations would yield 9.07 gm. carbohydrate. 
This agreement makes it highly probable that the destruction of fat actually runs 
some such course. 

Detmer did not find any soluble carbohydrate in his analyses of germinated 
hemp seeds, but Frankfurt (13) working with sunflower seeds, which have about 
the same composition, reported increasing quantities of soluble carbohydrates. 
Green (14) later identified cane sugar in the germinating castor bean in consider¬ 
able amount, and Rhine (15) reports an abundance of a “non-reducing” sugar both 
in the castor bean and in the hemp seed of similar stages. 
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Respiratory quotients as low or lower than those found by Godlewski have been 
reported for fatty seeds by Gerber (16), Iwanow (17), Harrington (18), and Erma- 
koff and Iwanoff (19). Gerber argues that if the fats stored in the seed are easily 
oxidized (highly unsaturated) as in flax seed (linolic acid), the r.q. of germination 
will be near that for complete oxidation of fat; but it they are difficultly oxidized 
(less unsaturated) as in castor bean (ricinoleic acid), the r.q. will be near that for 
complete conversion of fat to carbohydrate; i.c., in the neighborhood of 0.3. 
Sherman (20) has published a table giving respiratory quotients of many seeds 
both dormant and germinating. Amongst them are several showing that the 
R.Q. of the endosperm is lower than that of the embryo of the same seed, taken 
presumably at the same stage of germination. These are for starchy seeds. 
Sherman gives no similar comparisons for fatty seeds and the present writer has 
been unable to find any such in the literature. This aspect of the subject is one 
of considerable significance for the main thesis, as will be shown. 

Rhine (15) has developed the fact that the hypocotyl of starchy seeds (pea, 
wheat, barley, etc.) and that of fatty seeds (cotton, sunflower), taken separately 
from the rest of the seed in germination, exhibit the same r.q. ; namely, 0.77 on the 
average. He offers this similarity as proof that fat is transported from the endo¬ 
sperm into the hypocotyl through the cotyledon, not as fat, not even from fatty 
seeds, but always as sugar, and that any fat found in any part of the young plant 
is there as the result of synthesis from carbohydrate, as in starchy seeds. ‘The 
evidence .... favors the view that all the fat stored in the fatty seed is, as we 
have known most of it to be, first converted to sugars before being transported.” 

Terroine and associates (21) have shown by bomb calorimetry that the yield 
of energy to the young plant expressed as percentage of the energy lost in the proc¬ 
ess of germination (the resulting coefficient is called the energy yield) is greatest 
in starchy seeds, next in proteinous seeds, and least in fatty seeds, which are 
also fairly high in protein. 



Average composition 

Energy of the young plant X 100 


Protein 

Carbo¬ 

hydrate 

Fat 

Energy expended 

Sorghum. 

9 

84 

7 

73 (Rice and sorghum) 

Lentil.! 

31 

62 

7 

62 (Pea and lentil) 

54 (Flax and peanut) 

Peanut. 

16 

9 

75 

1 



If protein is substituted for carbohydrate in the lentil, as compared with sorghum, 
t.e. from 9 to 31 per cent, the energy yield is depressed 11 per cent (73 to 62) but 
replacing carbohydrate with fat, in peanut as compared with lentil, i.e, from 7 to 
75 per cent, reduces the energy yield 8 per cent more. In a second paper Terro¬ 
ine (22), using considerably different figures for composition and slightly different 
for his energy yield, makes out that the first substitution just mentioned, 






286 


FAT CHANGED TO SUGAR IN CASTOR BEAN. I 


amounting to a change in 28.7 per cent of the weight of the seed from carbo¬ 
hydrate to protein, results in a loss of efficiency of 10 per cent, which, for 100 
per cent substitution, would give a difference of 34.8 per cent in efficiency. Passing 
from rice (or sorghum) to peanut there would be a reduced total efficiency of 19 
per cent (as above), but 4 per cent of this is due to protein change on the basis 
just given (except that the percentage of protein in peanut now is 21 + per cent) 
while 15 per cent is due to a change of 64.4 per cent (table above is 66) in weight 
from carbohydrate to fat. If a change of 64.4 per cent carbohydrate to fat pro¬ 
duces a reduced energy yield of 15 per cent, a complete change, or 100 per cent, 
would produce a lost efficiency of 23 per cent, which agrees with the computation 
of Zuntz on the assumption that all the carbon of the fat is found in the carbon of 
the carbohydrate. Godlewski’s equation obviously does not give this result. 

Malhotra (23) studied the energy changes of some fatty seeds (castor bean, 
peanut, flax, and hemp) along with other seeds, during the first 8 days of germina¬ 
tion, and in the case of the castor bean recorded a total loss of 0.96 cal. per unit 
weight due to loss of weight and change in chemical composition. He gives no 
opinion regarding the nature of this change and reports an r.q. for the 4th day of 
germination of 0.71. 

Ermakoff and Iwanoff (19) investigated the possibility of partial oxidation of 
unsaturated fatty acids, according to the conception of Warburg (24), in flax 
seed, but found no change in the iodine number or in the refractive index of the oil 
found at different stages of germination. They conclude that the low quotients 
are due entirely to transformation of the fats to carbohydrate. 

EXPERIMENTAL 

The choice of the castor bean as representative of the oleaginous seeds was made 
partly because a single specimen is large enough to give an easily measurable rate 
of oxygen consumption and partly because it was being used in the laboratory as a 
source of vegetable lipase. A few experiments, given in Table I, were made with 
flax seed; but they proved difficult to handle, mainly because of their small size, 
and, for the same reason, the rate of oxygen consumption was so slow as to re¬ 
quire many hours for a single determination with as many as three or four seeds at 
a time. 

The so called Warburg method was adopted. The only new feature introduced 
by Warburg is the modification in the volumetric bottle of Brodie (25) necessary 
to adapt it to the study of tissue respiration. It happened that the well inside the 
bottle introduced by Warburg for containing alkali solution, was, in the volumet¬ 
ric bottles used, of just the right dimensions to support a germinating castor bean 
on its rim (Fig. 1). Barium hydrate or KOH of n/5 concentration was employed 
in the bottom as absorbent for CO 2 and n/2 HCl in the *‘sac*’or bay off the volumet¬ 
ric bottle, for discharging the CO 2 after the oxygen measurement had been made. 
In this way both determinations could be accomplished with the same bottle. 
The methods of manipulation and calculation are well described) in general, by 
Richardson (26). 
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A protocol which, as it happened, gave perfect agreement between the respira¬ 
tory quotients of two beans, is given below. Such perfection was rare. It was 
not unusual, however, to obtain agreement in oxygen absorption in successive 
experiments on the same bean within to 6 per cent. 'J'hc CO 2 was seldom within 
this range in successive experiments. 

Preparatory to germination the beans were treated with O.S per cent formalde¬ 
hyde for 5 minutes, then rinsed at least four times in sterile distilled water. They 
were then i)laced on a glass plate between filter papers which had been soaked in 
the same formaldehyde solution for 15 minutes and then rinsed thoroughly in hot 
sterile distilled water. 'Fhe filter papers were covered by an inverted copper water 



Fic. 1. A castor bean with well developed h\ pocotyl inside the respirometer 
bottle resting on top of the well. 

bath, with side tube for admitting air and the glass plate placed away in a dark 
closet for germination at room temperature, which, at the time these experiments 
were carried out (July, August, and early September), was on the average about 
25®C. The filter papers were moistened occasionally with sterile distilled water. 
Whenever mould developed on the beans, as happened occasionally, they were 
discarded. It required in the neighborhood of 3 days to bring the beans to what 
will be called in these papers the ^‘first stage’^ of germination; namely, a length of 
hypocotyl (radicle) not to exceed 10 mm. Actually, of course, the first stage is 
the stage of swelling before the radicle appears. 2 days more would permit of 
growth to a length, quite often, of 20 mm. Beans 19 and 20 given in the protocol 
had been germinating 6 days. 

The temi^erature of the bath in which the manometer bottles were immersed 
was regulated to 30- 3l°C. in all the experiments on flax seeds and on single beans 
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reported here, and practically always remained constant within 0.1° during the 
period of observation. The control manometers in an\’ case corrected for both 
thermal and barometric changes. An additional manometer corrected also for 
any (X )2 contained as carbonate in the barium hs drate solution. 

The manometers were attached to a shaking device. 

The “stages” of germination adopted in these studies are as follows: 


1st stage, length of hypocot\ 1 5- 10 mm. 


2nd “ 

U (( 

a 

10 20 “ 

3rd “ 

U it 

a 

20- 35 “ 

4th “ 

it a 

ii 

35-45 “ 

5th “ 

it a 

u 

45- 00 “ 

6th “ , 

a n 

ii 

00- 80 “ 

7th “ 

, n 

a 

80-100 “ 

8th “ 

it a 

“ 

above 100 mm 


(See also 'Fable I of Paper III.) 


Protocol 


Manometer No . 

8 


10 

n 

Volume H 2 O (in well). 

(<. 

0.5 

it 

0.5 

(( 

0 5 

a 

0 5 

“ n/2 I Id (in sac). 

1.0 

1.0 

1 0 

1 0 

“ n/5 Ha ( 011)2 in bottle... 

1.0 

1.0 

1.0 

1 0 

“ of beans. 


No. 19,0.6 

No. 20,0.4 


Volume total. 


3 1 

2 9 

1 


Time of placing bean in bottle, 





p.m . 


1:32 

1:35:30 


Closing stop-cocks .v/wr/(tempera¬ 





ture 30,25°), pjn . 

1:40:30 

1:42 

j 1:43 

1:43:20 

Readings O 2 at start, ntfn . 

70 0 

09 5 

70 0 

09 0 

While shaking, e>id (temperature 





30.25"), p.m . 

2:08:30 

2:08:30 

2:10 

2:11 

Readings O 2 at end, mm . 

HO 0 

-31.5 

-35 0 

78.0 

HCl dumped at, p.m . 


2:09 

2:10 


While shaking, (temperature 





30.25°), p.m . 

2:13 

2:13 

2:13 

2:13:30 

Readings for CO 2 end, mm . 

83 0 

+25.0 

+28 0 

80 5 


Calculation Bean 19, Manometer 9 

O 2 , +69.S to -31.5, less change for No. 8 control, T91 mm. 

91 X 2.99 (vessel constant) = 272.09 c.mm. ()2 in 20.5 min. 


12 


0.5 

1.0 

1.0 


1:44 

09.0 

2:12 
78 0 
2:12 

2:14 
83 5 
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CO 2 , -31.5 to +25, less change for No. 12 control * 51.0 mm. 

51.0 X 3.15 (vessel constant for CO 2 ) =* 160.6 c.mm. CO 2 in 41 min. 

272.09 c.mm. O 2 in 26.5 min. = 420.9 c.mm. in 41 min. 

160.6/420.9 « 0.381 R.Q. 

Bean 20 184.0/481.2 = 0.382 r.q. 

Bean 19, length of hypocotyl 32 mm. 

Bean 20, length of hypocotyl 33 mm. 

Irwin (27) has raised the question whether high respiratory quotients obtained 
from animal organisms under the action of ether may not be due to the splitting of 
carbonates by the action of organic acid formed in the process of metabolism, and 
has shown that this is not true of plant tissues. If carbonates were formed and 
retained in the endosperm during germination of fatty seeds a respiratory quo¬ 
tient below that for combustion of fat might be produced and the inference of con¬ 
version to carbohydrate would be fake. This possibility was controlled by several 
experiments of which the following is representative. A crushed germinating 
bean was introduced into the bottom of a manometer bottle and this manometer 
equilibrated with a control empty bottle. HCl of the usual strength was then 
dumped from the sac onto the crushed bean and readings taken immediately and 
after shaking for 6 minutes. Readings were taken as follows: 


Mnnometer No. 

10 

11 



Crushed bean 

Empty 

Readings at 5:22 p.m. 

73.8 

74.0 

76.0 

68.0 

70.0 correction — 2 mm. 
69.0 ‘‘ - 1 “ 

HCl dumped 5:23 ** . 

5:27 ‘‘ . 

Manometers shaken 5:33 p.m. 



Maximum possible effect due to liberation of CO 2 from carbonates therefore 
would be 2.2 mm., which at the usual level of readings might raise the quotient as 
much as 0.03, rarely more. Acid dumped onto a detached hypocotyl 23 mm. 
long, in one instance produced a rise of 6.5 mm., and when dumped onto a bean 
with attached hypocotyl of 10 mm. length produced a rise of 4 mm. Apparently, 
therefore, carbonates are stored, or at least CO 2 may be retained, in significant 
amount in the new growth. However, since no question of a conversion of fat to 
carbohydrate in any part of the new plant is involved, and as will be seen pres¬ 
ently the R.Q. here is always in the range of carbohydrate combustion, or indeed of 
conversion back to fat (see p. 295) no error of interpretation is produced so far as 
the main thesis is concerned. However, extreme care was always taken to pre¬ 
vent the acid touching any part of the bean in the process of dumping, and when 
it was known to occur the result was discarded. 
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RESULTS 

1. Short-Period Experiments 

Table I presents tj^jical experiments with germinating flax seeds. 
The stage at which the seeds were introduced into the well (because 


TABLE I 

Flax Seed Experiments 
Warburg Apparatus 


Experi* 

ment 

No. 

seeds 

Stage in 

Length of experiment 

Stage 

out 

Respiratory 

exchange 

R.Q. 

No. 



CO2 

0, 






mm. 

c.mm.j 

mg. 

c.mm.j 

mg. 


1 

3 

Tip visible 

16 hrs. 

24 

5.215 

9.095 

0.570 


3 

it n 

16 “ 

27 

11.02 

14.75 

0.750 

2 

3 

1-3 mm. 

19 “ 

12.5 

6.65 

11.97 

0.550 

3 

2 

Tip visible 

23 “ 

9.5 

8.194 

12.678 

0.646 




23 

15 


8.613 

0.672 

4 

2 

n u 

9 hrs. 40 min. 

22 

10.79 

14.918 

0.765 




U it 

24 

10.98 

15.13 

0.730 

5 

2 

5-8 mm. 

8 hrs. 

20 

5.72 

11.27 

0.510 

6 

4 

Tip visible 

6.5 

19.9 

5.09 

7.41 

0.606 


4 

it « 

6.5 

23 

5.09 

7.79 

0.653 

7 

4 

ft it 

7.5 “ 

20 

7.81 

12.23 

0.640 






To 

tal 


8 

3 

5 mm. 

7.75 

22 

159 

241 

0.659 


3 

« 

7.75 ‘‘ 

21 

133 

273 

0.487 

Averaore.. 

0.633 







. 1 


of the gummy substance enveloping these seeds they adhered readily 
to the inside wall) and the stage which they had reached when final 
readings were taken, as well as the elapsed time in hours are indicated. 
Mm. refers to average length of the hypocotyls. When removed from 
the well the seed coat and gummy substance were removed by gently 
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pressing out the naked endosperm and the total moist weight was 
obtained inmaediately. The CO 2 and O 2 are expressed as c.mm. per 
mg. of this moist weight. Some of the rather large variations shown 
are probably due to errors in securing the moist weight, others to in¬ 
jury to the very delicate endosperm and hypocotyl. Dry weights 
would have been preferable. However, these experiments were purely 
preliminary and were not followed up for reasons already given. They 
are shown merely as confirmatory of the low quotients obtainable with 
a seed which contains only around 37 per cent (Winton) fat and 27 to 
30 per cent carbohydrate. In all but two instances the r.q. is well 
below the level of fat combustion. Since carbohydrate combustion 
is not excluded the quotients are doubtless significant of some other 
use of oxygen than combustion. Gerber’s idea regarding the effect of 
highly unsaturated fatty acids (p. 285) should also be borne in mind. 

Table II presents typical experiments with single, entire, germinat¬ 
ing castor beans. Because of their large size and very active metab¬ 
olism, as compared with the flax seeds, these experiments could be 
completed often in as many minutes as the others required hours. It 
is difficult to obtain accurate dry weights on seeds containing as much 
fat as this bean without extraction with fat solvents. The results in 
this table, therefore, are expressed without reduction to any unit of 
weight. That it is possible to obtain fair agreement between differ¬ 
ent beans of approximately the same size and stage of development 
when expressed in terms of moist or dry weight is seen from Table III. 

The respiratory quotients agree rather better than the rates of 
metabolism. This is true also of successive experiments performed on 
the same bean on the same day, as may be seen from Table II, par¬ 
ticularly for Beans 12 and 16. Other experiments not shown in any 
of the tables bear out this conclusion, which, otherwise stated, would 
indicate that the nature of the chemical processes involved is more 
constant for any given stage than the rate of change. 

From Table II it is quite evident that the chemical process respon¬ 
sible for the low quotient proceeds at different rates at different stages 
of the germination. To give the exact quotient, characteristic of each 
stage has not been undertaken in this study, for it is not possible to 
confirm any conclusion reached through respiration experiments on 
single beans by chemical analyses. That will be undertaken in the 
third paper of this series. 
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TABLE II 

Castor Bean Experiments 
Single Bean in Wxirburg Apparatus 


Variation with Stage 


Bean No. 

Stage of growth. 
Length of 

Length of 
experiment 

Respiratory exchange 

R.Q. 

hypocotyl 

COa 

Oj 


mm. 

min. 

c.mm., total 

c.mm., total 


13 

12 

69.0 

234.9 

345.6 

0.679 

14 

12+ 

46.5 

155.8 

231.4 

0.535 

17 (1) 

16 

30.0 

208.2 

337.8 

0.617 

17(2) 

16 

32.0 

211.4 

407.8 

0.518 

16 (1) 

19 

32.0 

142.6 

247.6 

0.576 

16(2) 

19 

32.0 

130.0 

223.3 

0.582 

Average. 

0.585 


18 

20 

15.0 

85.4 

252.9 

0.337 

12 (1) 

23 

34.5 

117.3 

406.3 

0.289 

12 (2) 

23 

23.0 

107.8 

287.4 

0.373 

12(3) 

23 

22.5 

98.0 

320.4 

0.306 

10 

24 

31.5 

146.7 

413.8 

0.355 . 

11 

29 

32.5 

127.9 

496.9 

0.257 

19 

32 

41.0 

160.6 

420.9 

0.382 

20 

33 

37.5 

184.0 

481.2 

0.382 

Averacre 20 to 30 mm.... 

0.323 







TABLE III 


Respiratory Metabolism of Castor Beans of Similar Stages of Development Per Unit 
_ of Weight 


Bean No. 

Moist weight 

Dry weight 

C()2 

Oa 

R.Q. 




c.mm.two mg. 

c.mm./WO mg. 



gm. 


{dry)/min. 

(dry)/min. 


42 

0.684 

305 

1.92 

4.9 

0.39 

43 

0.520 

262 

0.84 

3.5 

0.24 

44 

0.449 

229 

2.13 

6.2 

0.34 

45 

0.453 

232 

2.36 

5.6 

0.42 


The next phase of the subject of special interest is the relation of the 
respiratory exchange of the embryo to that of the endosperm. If fat 
were changed to sugar in the endosperm and after diffusion through 
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the cotyledon into the hypocotyl were there either oxidized as such 
or converted back to fat, the r.q. of the hypocotyl would necessarily 
be considerably higher than that of the endosperm. As noted on 
page 285 such a difference has been demonstrated for starchy seeds. It 
should a fortiori be true of fatty seeds. Fortunately it was found to 
be very easy to strip the cotyledons out of the endosperm and to de¬ 
termine their metabolism in the same apparatus as the entire germin¬ 
ating bean, and immediately thereafter. Typical determinations of 
this kind are given in Table IV. In each case shown the r.q. of the 


TABLE IV 

Respiratory Exchange of Whole Germinating Bean Compared with That of Young 

Plant 


No. 

Part 


Stage 

Length of 
exiierimcnt 

CO, 

0, 

R.Q. 

26 

Whole bean 

3 

branches 

min. 

16 

c.mm. 

149.3 

c.mm. 

490.5 

0.304 

26 

Young plant 

3 

it 

77 

305.2 

348.8 

0.974 

27 

Whole bean 

12-f- 

a 

19 

131.1 

386.0 

0.339 

27 

Young plant 

12-f- 

it 

72 

311.3 

315.6 

0.986 

28 

Whole bean 

60 mm. 3 branches 

23 

189.4 

500.8 

0.378 

28 

Young plant 

60 

3 

68 

279.8 

324.2 

0.863 

29 

Whole bean 

30 

3 

21 

142.9 

269,7 

0.328 

29 

Young plant 

30 

3 

65 

260.0 

280.0 

0.928 


germinating bean as a whole was determined, and, as soon as this 
was finished, the bottles were cleaned and prepared for another ob¬ 
servation, the bean meantime being kept in moist filter paper. The 
cotyledons then were carefully separated from the endosperm and 
with the hypocotyl attached were placed immediately in the identical 
bottles in which the parent beans had been observed. Naturally it 
required a considerably longer time to obtain figures of the same order 
of magnitude for the two gases from the young plant, because of its 
much lighter weight. Table IV shows that this time was from three 
to four times as long. 
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In every case shown, and in several other determinations not shown, 
the production of carbon dioxide was more than twice as great in the 
young plant as in the endosperm, in proportion to oxygen used up. 
The result was a quotient for the young plant well up in the range of 
carbohydrate combustion, while that of the entire germinating bean 
was, as usual for the stage selected, within the range for complete con¬ 
version of fat to carbohydrate. Sketches of the cotyledons and h)q)o- 
cotyls of these four beans, in natural size, are shown in Fig. 2. The 



Fig. 2. Cotyledons and hypocotyl (entire young plant) of Beans 26, 27, 28, 
and 29, metabolism of which is shown in Table IV. 

results are strongly indicative of the sequence of chemical changes 
postulated by Detmer, Godlcwski, Iwanow, Rhine, and Ermakoff 
and Iwanoff. However, physiologists are all too prone to accept an 
explanation which appears plausible, as already proved, because a 
possible chemical reaction can be written for such a change. Proof 
in any adequate sense of the word is not given until the actual chemi¬ 
cal changes are shomi to occur at the same time, as the respiratory signs. 
A number of other possibilities exist. For example. Green (14) has 
shown that an organic acid which he was not able to identify is formed 
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in the germination of the castor bean. If this were formed de novo, 
i.e. not merely by hydrolysis of fat, as is suggested by Godlewski’s 
equation, its production would require extra oxygen just as does the 
formation of starch or sugar from fat. This aspect of the problem 
will be gone into in the third paper. It is sufficient for the moment to 
conclude that the respiratory exchanges are consistent in general 
with the chemical changes postulated. 

Two further points should be mentioned, before we leave this divi¬ 
sion of the subject. One, that the respiratory quotients of the entire 
germinating bean almost prove too much. They are so low—so 
much lower than the theoretical for Godlewski’s equation (p. 284)— 


TABLE V 

Respiratory Exchange of Whole Bean, Endosperm, and New Plant 


No. 

Part 

Stage 

Length of 
experiment 

CO, 

0, 

R.Q. 

32 

Whole bean 

40 mm. 1 branch 

min. 

59.5 

c.mm. 

236.2 

c.mm. 

612.2 

0.386 

32 

Endosperm 

40 « 1 « 

52.0 

195.9 

426.8 

0.459 

32 

New plant 

40 “ 1 “ 

72.0 

155.8 

140.8 

1.106 

33 

Whole bean 

45 mm. 4 branches 

57.0 

292.9 

604.5 

0.484 

33 

Endosperm 

45 4 « 

44.5 

184.0 

331.7 

0.555 

33 

New plant 

45 “ 4 ‘‘ 

70.0 

173.3 

192.5 

0.90 


that they quite exclude that reaction as the only possible one. When 
we consider that the metabolism of the young plant with its high quo¬ 
tient is included at least in part in these low ones and also that the 
endosperm itself doubtless is oxidizing some fat or carbohydrate, the 
wonder is that quotients of the order obtained are possible. Neverthe¬ 
less it is believed they are correct. Certainly they are consistent and 
not at all exceptional for these stages. Some further light would be 
shed on their significance, if it were possible to take the metabolism of 
the endosperm also separately. This has been done several times 
and typical results are found in Table V. Two circumstances, how¬ 
ever, detract from the value of these experiments for the purpose in¬ 
tended. It is impossible to separate the cotyledons from the endo¬ 
sperm without removing the seed coat. Other experiments, not shown 
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in the tables, proved that when a germinating whole bean was observed 
with the seed coat lacking, the respiratory quotient was a little higher 
for the first 45 minutes than when the coat was in place. The differ¬ 
ence was great enough to vitiate the quotients in Table V somewhat. 
The quotient of the endosperm alone, it was expected, should be lower 
than that of the germinating whole bean, since the r.q. of the young 
plant alone is so much higher. That Table V does not exhibit this 
relationship is due, certainly to some extent to the fact that the seed 
coat had to be removed, and, unfortunately, one cannot say to just 
what extent this circumstance affects the result. Secondly, the ob¬ 
servation with the endosperm and that with the cotyledon and hypo- 
cotyl (new plant) did not continue long enough to give comparable total 
figures with the whole bean experiment. The reason is a good one; 
namely, to avoid postponement of the observation with the separated 
parts so long as to permit the metabolism to run down; nevertheless it 
is regrettable. This circumstance makes the quotients a little less 
reliable both for the endosperm and the young plant. Possibly the 
very high r.q. for young Plant 32 is to be explained in this way. 

Having just mentioned the possibility that the metabolism of the 
isolated parts runs down when separated from their natural relation¬ 
ships, some facts in support should be mentioned briefly. Many 
times successive experiments on the same whole bean have been car¬ 
ried out the same day. Usually, they have agreed quite satisfactorily. 
With the young plant the agreement is never so good as with the 
whole seedling. This would be expected, for the plant is not yet 
old enough to maintain itself even in its natural habitat, much less 
in a respirometer bottle. The following illustration will suffice. 


Young plant 

CO2 in 100 min. 

Oa in 100 min. 

R.Q. 



c.mtn. 

c.mm. 


No. 1, 1st experiment. 

275 

287 

0.96 

2nd 

“ . 

222 

281 

0.79 

No. 2, 1st 

it j 

.1 

in 

in 

0.96 

2nd 

« 

i 

217 

246 

0.88 


The first experiment in each case lasted 100 minutes, the second 51 
minutes; they are calculated, however, to the same basis. In each 
case the r.q. is significantly lower in the second experiment. 
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The second point remaining to be discussed briefly is the relation¬ 
ship of the respiratory exchanges on the basis of unit weight. Several 
of these experiments also were carried out and two are shown in Table 
VI. Moist weights were used. The whole germinating bean was 
weighed minus its seed coat just after the metabolism observation. 
The endosperm and young plant were weighed immediately after 
separating them and the endosperm was kept moist until its metab¬ 
olism could be determined. Thus the three weights were obtained 
under strictly comparable conditions, and since the fat content of the 
endosperm is so very much higher than that of the young plant, it is 
believed the moist basis is just as satisfactory as the dry. 


TABLE VI 

Whole Seedling, Endosperm, and New Plant Calculated to Unit Time and Weight 


No. 

Part 

Moist weight 

COi 

O 2 

R.Q. 



mg. 

c.mm.IhrJlOO 

mg. 

c.mm./hrJlOO 

mg. 


36 

Whole seedling 

911 

52.6 

133.4 

0.394 

36 

Endosperm 

575 

53.0 

140.9 

0.378 

36 

Young plant 

144 

139.0 

180.0 

0.776 

37 

Whole seedling 

1047 

47.6 

104.6 

0.454 

37 

Endosperm 

601 

53.2 

111.1 

0.468 

37 

Young plant 

194 

141.5 

170.5 

0.829 


It was not surprising to find the metabolism of the young plant much 
higher than that of the entire bean. In one of the cases (No. 36) 
shown it is approximately 35 per cent higher on the basis of the oxygen 
consumption and in the other about 63 per cent. In each case the 
metabolism of the endosperm is 5 to 7 per cent higher than that of 
the whole germinating structure, likewise on the basis of the oxygen. 
This again indicates that the metabolism of the whole bean is some¬ 
what held in check by the seed coat, for the endosperm necessarily 
was observed devoid of the coat. 

Still more interesting are the CO 2 relationships. The endosperm 
and whole bean give off approximately the same volume per unit of 
weight, but the young plant gives off 2.6 times as much as either 
whole bean or endosperm. At first sight this seems like a clear case 
of temporary storage of CO 2 and its escape from the cotyledon as 
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soon as it is withdrawn from its housing in the interior of the seed. 
Experiments have already been referred to (p. 289) which prove that 
this cannot be true of the hypocotyl. The same sort of experiments 
were done with the cotyledon. No readings have been preserved, 
unfortunately, but acid applied to the cotyledon causes the evolution 
of very little gas.^ There is no question, therefore, that the large out¬ 
put of CO* from the young plant is due to active metabolism. Can 
any special significance be attached to this fact? 

If the statement just made is turned the other way about, it is clear 
that on the basis of unit weight, the peculiar metabolism which goes 
on in the endosperm to give very low quotients differs from that of the 
young plant much more on the basis of CO* than on the basis of oxy¬ 
gen. One might have expected that when reduced to unit weight 
the endosperm would show a greater absorption of oxygen than the 
young plant, the CO* remaining more nearly the same. The state¬ 
ment usually made is that originally reported by de Saussure—the 
oxygen absorption is much greater than the CO* elimination. The 
indication from these few experiments is rather that CO* is produced 
but held back to form carbohydrate and when the carbohydrate later 
is broken down the CO* is liberated. If the carbohydrate were to be 
transformed to fat, it would be accomplished by elimination of still 
more CO*. Fat is found in the protoplasm of the hypocotyl (Rhine 
(15)); hence a part of the surplus CO* coming from the young plant 
may be from this reaction. It will require more experiments of the 
same kind and others of special design to make sure of this as a fact. 
At present it may be remarked only that Chauveau’s (28) conception is 
favored rather than that of Bleibtreu (29) concerning the nature of 
the chemical change necessary to produce fat from carbohydrate and 
vice versa. (See, however, the evidence in Paper II.) 

2. Long-Period Experiments 

The short-period experiments are interesting from many points of 
view; but with single beans the physiological results cannot be checked 

* Later check experiments done at our request by Dr. M. Elizabeth Marsh, 
showed that a maximum of 10-15 c.mm. of gas could be obtained from a single 
pair of cotyledons. This would lower the e.q. of the young plant in Tables V and 
VI about 0.05 if all the CO* stored should have been given o& in the respiration 
period, which is very unlikely. 
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by chemical analyses of the same material. A second type of experi¬ 
ment was designed for this purpose. The chemical analyses will not 
be reported in this paper but in Paper III. A description of the 
respiration method may be given at this time, however, and a few 
typical results merely to confirm for long periods the character of the 
respiratory quotients reported above for the entire germinating bean 
in single cases. 

Beans were started germinating in the usual way (p. 287) and when they had 
arrived at some definite stage, e.g. our first stage where they had broken the seed 
coat and put out a little radicle anywhere from 1 to 5 mm. long, a number of these 
were selected from their healthy appearance and placed in an air-tight bottle of 
1 to 4 liters capacity which had been sterilized in a suitable manner. The bottles 
were provided with a rubber stopper containing two glass tubes closed by means of 
tight-fitting rubber tubes and screw clamps. The beans were placed on sterile 
filter paper moistened with freshly sterilized distilled water and the bottles 
ventilated with filtered outside air. The bottles were then tightly closed and 
were covered with black paper or tin foil. They were placed in dark cupboards 
for several days. When by inspection it was found that the beans had made a 
satisfactory growth, samples of air were drawn from one tubulure; while admitting 
water or mercury through the other. The samples were analyzed by means of a 
special Haldane apparatus designed as to the burette and some other features by 
Dr. Nasset (30). 

Table VII shows the results of six such experiments. The first three 
(Nos. 2, 3, and 5) were first stage, the next two (Nos. 4 and 6) were 
second stage, and the last enumerated (No. 1) was third stage, when 
confined. The fourth column gives the number of days of confinement 
and the fifth the stage of growth reached by the beans when the air was 
sampled. The last columns give the respiratory exchange in terms 
of percentage alteration in the composition of the air. Some of these 
figures suggest, at first sight, that more oxygen was removed than could 
have been present in the air at the start (20.93 per cent). However, 
this will not be misleading to anybody familiar with air analysis, for 
the percentage change is found by subtracting the percentage formed 
at the end, not from 20.93 but from a figure proportional to the nitro¬ 
gen remaining at the end. In these cases (Experiments 1, 2, 3, and 
6) the oxygen was practically all used up. In these also the CO» 
percentages found at the end were excessively high. It is not certain 
that the beans were alive in every case. Indeed in No. 2 the odor of 
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putrefaction was unmistakable, and this condition doubtless is re¬ 
sponsible for the exceptional respiratory quotient found. The other 
quotients are consistent in indicating the formation of fat from car¬ 
bohydrate. 

In such experiments where the amount of material involved is suf¬ 
ficiently large to permit of exact chemical analysis, it will be possible to 


TABLE VII 

Bean-Bottle Experiments 


Experiment 

No. 

No. of 
beans 

Stage in. 
Average 
length 
hypocotyl 

Days in 

Stage out. 
Average 
length 
hypocotyl 

CO 2 gain 

O 2 loss 

R.Q. 



mm. 


mm. 

per cent 

per cent 


5 

24 

3 

3 

13.1 

4.63 

8.73 

0..S30 






4.70 

8.64 

0.544 

2 

6 

5 

8 

50 

15.96 

22.15 

0.72* 

3 

6 

5 

5 

35 

10.36 

21.98 

0.471 






10.63 

21.96 

0.484 

6 

24 

15.6 

3 

29.2 

10.65 

21.05 

0.506 ‘ 






10.90 

20.86 

0.569 

4 

6 

17.5 

2 

20 

9.52 

18.59 

0.514 






9.13 

18.33 

0.498 

1 

5 

38 

8 

89 

11.62 

21.68 

0.538 


* Spoiled—putrefaction. 


check the respiratory findings by actual composition at the beginning 
and at the end. Results of this character will be found in Paper III. 

SUMMARY AND CONCLUSIONS 

1. Respiration studies on single castor beans, made by means of 
the Brodie-Warburg method, at various times after the start of ger¬ 
mination, as well as studies on groups of germinating beans over pe¬ 
riods of 3 to 8 days, made by a simple procedure involving analysis of 
the respired air by the Haldane method, consistently give respiratory 
quotients from 0.30 to 0.58, indicating the conversion of the oil to 
carbohydrate. 
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2. The R.Q. varies with the stage of germination, the lowest point 
occurring when the new growth (hypocotyl) measures from 20 to 35 
mm. in length. 

3. ITie R.Q. of the young plant (cotyledons and hypocotyl), sepa¬ 
rated from the endosperm and studied in the same apparatus, varies 
from 0.78 to 1.00. It is invariably high enough to indicate consider¬ 
able combustion of sugar. The r.q. of the endosperm alone is low, 
but usually somewhat higher than that of the entire germinating 
structure. 

4. On the same unit of moist weight the young plant (cotyledons 
and hypocotyl) produces about 2.6 times as much CO 2 as the endo¬ 
sperm, whereas it absorbs only 1.3 times as much O 2 . 
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THE CONVERSION OF FAT TO CARBOHYDRATE IN THE 
GERMINATING CASTOR BEAN 


II. The Combustion Respiratory Quotient as Determined by a 
Modified Oxycalorimeter 

By ray G. DAGGS and H. S. HALCRO-WARDLAW* 

{From the Department of Vital Economics, University of Rochester, Rochester, N. Y.) 

(Accepted for publication, August 1, 1933) 

The castor bean belongs to that group of seeds that contain large 
quantities of fat and no carbohydrate before germination. As ger¬ 
mination proceeds the fat stores decrease and carbohydrate appears 
(Green, 1890) (see also Paper III following). The purpose of this in¬ 
vestigation was to determine whether or not the combustion respira¬ 
tory quotient rose with succeeding stages of germination, thus indicat¬ 
ing a change from an oxygen-poor to an oxygen-rich substance. 

Apparatus 

By combining the Benedict and Fox (1925) oxycalorimeter and the Benedict 
universal metabolism apparatus and introducing a more effective cooler, one is 
enabled to obtain accurate respiratory quotients upon the combustion of small 
amounts of thoroughly dried plant or animal material. Fig. 1 is a diagrammatic 
illustration of the arrangement. The cooler is made from a hot water heater 
coil installed in a large metal can filled with cold water. The water bottle preced¬ 
ing the spirometer is inserted in order partially to control the temperature of the 
air. If one is very careful to keep drafts from the spirometer bell and quickly 
cool the Pyrex lamp chimney with a cold wet cloth immediately following the com¬ 
bustion, there is no difficulty in keeping the temperature of the air in the spirom¬ 
eter at the same point as it was before combustion. This eliminates temperature 
change corrections. 

In order to check the accuracy of the apparatus c.p. sucrose was used. Checks 
with sugar were also made at various intervals during the experiments on the 
castor beans. Table I is representative of the values obtained for sucrose. 


* Fellow of the Rockefeller Foundation. 
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TABLE I 


0, 

CO, 

R.Q. 

liters per gm. 

liters Per gm. 


0.7838 

0.7850 

1.001 

0.7790 

0.7730 

0.992 

0.7677 

0.7731 

1.007 

0.7558 

0.7560 

1.000 

0.7844 

0.7817 

0.996 

0.7675 

0.7794 

1.015 

0.7602 

0.7606 

1.000 

Average-0.7712 

0.7727 

1.002 


EXPERIMENTAL 

The pericarp of the ungerminated bean was removed and the remainder of the 
bean immediately weighed and placed in the combustion chamber. Sufficient oil 
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is present to insure good combustion without drying. The results obtained by 
burning the ungerminated bean in the moist state are shown in Table II. Gen¬ 
erally two whole beans were used for each combustion. 

Good sound hard beans were selected and placed in a filtered solution made from 
10 gm. of commercial chloride of lime and 140 cc. of water (Wilson, 1915). They 
were kept in this chlorine solution for 15 minutes in order to sterilize them against 
bacteria and mold. After this treatment they were individually washed in sterile 
water to remove the excess chlorine and placed between layers of damp sterile 
filter paper on a piece of window glass. A sterile water bath was inverted over 
them excluding all light but permitting a small amount of ventilation through an 
opening loosely filled with cotton and shielded from the light. As required, the 
filter paper was dampened with sterile water. When the desired stage of germi¬ 
nation was reached, the endosperm was freed from the clinging pericarp and the 
entire bean and young plant cut into small pieces and placed in the vacuum desic¬ 
cator until thoroughly dehydrated. The stages of germination were chosen arbi¬ 
trarily depending only upon the length of the hypocotyl. 


TABLE II 


Length of hypocotyl 

Ot 

CO, 

R.Q. 

No. of experiments 
on which average 
is based 

mm. 

liters per gm. 

liters per gm. 

■■■ 


Ungerminated 

1.542 

1.166 


12 

Average 5.0 

1.550 

1.169 


10 

16.3 

1.527 

1.168 

0.765 

9 

33.6 

1.359 

1.110 

0.817 

8 

‘‘ 65.0 

1.167 

1.014 

0.869 

4 

112.0 

0.992 

0.909 

0.919 

6 


There is undoubtedly a greater variation among germinated beans 
of the same length of new growth than among the ungerminated beans. 
However, this seemed to be the best criterion since the number of days 
of germination and other means of determining different stages of 
germination showed greater variations. Table II gives a summary 
of the findings. It is rather unsatisfactory to try to germinate the 
seeds in the dark by the method described (see Paper III for a 
more successful method), much farther than to a length of hypo¬ 
cotyl of slightly over 100 mm., because the tip of the radicle becomes 
quite darkened and begins to die. However, a few beans were suc¬ 
cessfully germinated to a greater length as can be seen in the graph 
(Fig. 2), in which the data are summarized. It is clear that as ger- 
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mination proceeds the plant gains in an oxygen-rich substance and 
becomes poorer in an oxygen-poor substance, for the volume of 



oxygen required for combustion of the entire germinating seedling 
grows steadily smaller per gram of dry matter. The volume of CO* 
produced per gram of dry matter, however, remains nearly the same. 
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There is therefore more oxygen already present per unit of carbon 
contained in the dry matter. 

To check again the efficiency of the apparatus used to obtain the 
above data, organic combustions were done on a few of the beans. 
An ordinary gas combustion furnace was used. The carbon dioxide 
was collected in potassium hydroxide and the water in sulfuric acid. 
The ash and the nitrogen were determined and the oxygen contained 
in the bean obtained by difference. Knowing these factors one can 
easily calculate the additional oxygen used in the combustion and thus 
determine a respiratory quotient. Table III gives the data obtained 
by organic combustion. The results check fairly well with those ob¬ 
tained with the modified oxycalorimeter. 


TABLE ra 


Length of hypocotyl 

0, 

CO* 

R.Q. 

mm. 

liters per gm. 

liters per gm. 


Ungerminated 

1.548 

1.158 

0.748 

a 

1.530 

1.147 

0.750 

« 

1.501 

1.131 

0.754 

17 

1.571 

1.180 

0.751 

150 

0,897 

0.824 

0.920 


In an attempt to find where the oxygen-rich substance was most 
abundant in the germinated bean, several combustions were done on 
the young plant alone (cotyledons, h 3 q)ocotyl, and rootlets) and on the 
remaining endosperm. Table IV is representative of the results ob¬ 
tained. 

It will be noticed that there is no consistent change in the R. Q. 
of the young plant with respect to the stage of germination, thus indi¬ 
cating that the new tissue formed remains of substantially the same 
composition. The r. q. of the endosperm, however, increases with 
the stage of germination. This doubtless means that the seat of for¬ 
mation of the oxygen-rich substance is in the endosperm. It is 
of interest to check the weighted respiratory quotients obtained from 
Table IV with the combustion respiratory quotients found in Table II. 
The endosperms of the 35 mm. group in Table IV weighed (dry) 
2.1356 gm. giving an r.q. of 0.813 and the young plants weighed 0.2087 
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gm. with an r.q. of 0.932. The resultant r.q. of the combination 
would be 0.823 which checks fairly well with an r.q. of 0.817 for a 
group of 33.6 mm. length shown in Table II. Taking another example, 
the endosperms of the 113 mm. group in Table IV weighed (dry) 
1.7505 gm. with an r.q. of 0.859 and the young plant 1.0298 gm. with 
an R.Q. of 0.966. On calculating the proportional amounts of each 
the resultant r.q. is 0.899. The r.q. for the 112 mm. group in Table 
II is 0.919. 


TABLE IV 


Average length 




of hypocotyl 

mm. 

O 2 

COj 

R.Q. 


Endosperm 



liters per gm. 

liters per gm. 


35 

1.452 

1.181 

0.813 

52 

1.378 

1.129 

0.819 

85 

1.171 

0.988 

0.843 

95 

1.211 

1.034 

0.854 

113 

1.163 

0.999 

0.859 

134 

1.306 

1.133 

0.868 


Young plant 


35 

1.230 

1.146 


52 

1.074 

1.033 


85 


0.847 


95 


0.884 

0.947 

113 

0.908 

0.877 

0.966 

134 

1.014 


0.927 


The exact nature of the material formed to produce the change in 
combustion r.q. is not revealed by this study. Taken in conjunction 
with the results given in Paper I and the literature cited therein, the 
observations here recorded are entirely consistent with the view that 
the fat (oil) of the castor bean is converted to carbohydrate (sugar) 
in the endosperm in the course of germination, and is at least partly 
stored in the young plant. The chemical analyses and their correla¬ 
tion with the respiratory quotients will be found in Paper III, imme¬ 
diately following. 
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SUMMARY 

The combustion respiratory quotients of castor beans germinated 
to various stages, depending upon the length of the hypocotyl, were 
determined by means of a modified oxycalorimeter. 

After germination was well started, the respiratory quotient of the 
combusted germinated seed increased as the stage of germination in¬ 
creased, indicating a change from an oxygen-poor to an oxygen-rich 
substance, probably fat to sugar. 

The accuracy of the method was checked by organic combustions. 
The seat of formation of the oxygen-rich substance is in the endo¬ 
sperm. 
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THE CONVERSION OF FAT TO CARBOHYDRATE IN 
THE GERMINATING CASTOR BEAN 

III. The Chemical Analysis, and Correlation with 
Respiratory Exchange 

By H. B. pierce, DOROTHY E. SHELDON, and JOHN R. MURLIN 
{From the Department of Vital Economics, University of Rochester, Rochester, N. K.) 

(Accepted for publication, August 1, 1933) 

In considering the conversion of fat to carbohydrate in the germi¬ 
nating castor bean, two phases of the problem have been discussed in 
the preceding papers. The results of chemical analyses made on the 
beans at various stages of their germination will be presented here. 
ITie changes in the fat stores of seeds during germination have been 
studied by numerous investigators who used many different seeds. 
Hellriegel (1), Leclercdu Sablon (2), Green (3), Green and Jackson (4), 
Maquenne (5), Deleano (6), Miller (7-8), Maz6 (9) and many others 
have investigated the transformation of oil into starch or sugar during 
germination. For a more detailed bibliography covering this phase of 
plant chemistry, the reader is referred to the book by Miller (10) and 
the articles by Deleano (6) and von Fiirth (11). All of the above in¬ 
vestigators observed that sugar was formed in increasing amounts as 
the oil disappeared in germinating fatty seeds, and several noted that 
the sugar increased up to a certain point and then decreased along 
with the oil. 

The increase in the carbohydrate content in the seedlings of oily seeds neces¬ 
sarily raises the question as to its orgin. Miller (7) working with sunflower seeds 
found that changes in the protein reserve could not account for the carbohydrate 
formed. We have observed that there is a slight increase in amino nitrogen in 
castor beans during their germination, but this increase is exceedingly small, less 
than 1 per cent. As there is an exceptionally small amount of preformed sugar 
in ungerminated castor beans it seems likely that the oil must serve as the source 
of carbohydrate. Miller (10) notes that no one has found free glycerol in ger¬ 
minating seeds or seedlings. However, even if all of the glycerol from the fat 
which disappeared were utilized for building of carbohydrate, it would not be 
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sufficient to account for that formed. A simple calciilation will be presented 
below in proof of this. Thus it seems evident that the fatty acid fraction must be 
utilized in carbohydrate production. This statement is substantiated by the in¬ 
vestigations of Leclerc du Sablon (12), Maquenne (5), and Ivanow (13) but von 
FUrth (11) does not agree with their conclusions, or those of Green (3) whose work 
will be mentioned later. Von Ftirth worked with seedlings with a root length 
(hypocotyl?) of about 40 mm. We will show later that marked changes in the 
oil and sugar content did not take place until the hypocotyls were over 35-40 mm. 
in length. Furthermore von Fiirth (11) felt that Miintz (14) had no right to 
conclude that the fatty acids of germinating seeds were converted into oxy-acids 
since the acetyl value of the oil extracted by von Fiirth did not rise during ger¬ 
mination. Miller (8) also found no change in the acetyl value of the oil obtained 
on extraction of germinated seeds. Green (3) isolated a crystalline acid of un¬ 
known structure from germinating castor seeds and believed that this might be an 
intermediary product in the conversion of the oil to sugar. Von Fiirth (11) was 
unable to confirm Green’s work, and expressed the belief that if volatile acids, 
alcohol, acetone, or aldehydes were intermediates between fat and carbohydrate, 
the amount present at any given time might well be so small as to be undetectable. 
Deleano (6) realized that many different organic acids could be formed during 
germination, but he was able to isolate only two, lactic and acetic. Recently 
Pirschle (IS) reported having found considerable amounts of acetaldehyde in 
germinating fatty seeds, and he believed that this might be the possible inter¬ 
mediate in the process under discussion. 

The question as to whether fat is converted directly to starch, glucose, or dextrins 
(16,17) or whether numerous substances are formed as intermediates, cannot be 
discussed profitably at present. 


EXPERIMENTAL 

Sound castor beans (Brazil seeds) of different sizes and colors were germinated 
in various ways to determine the best means of procuring successful germination 
without mould. The most successful method proved to be the following: The 
selected beans were dipped momentarily into a 1:1000 mercuric chloride solution 
to destroy mould spores and then introduced into sterilized moist chambers, being 
placed upon filter paper over sterile cotton, and on top of them was laid another 
layer of filter paper and cotton. The dish and cotton were sterilized in an oven 
at 100®C. for 24 hours. The filter papers were moistened with sterile distilled 
water and the dishes set away in a dark place at room temperature. Water was 
added as required. Success in preventing mould depends not so much on securing 
perfect sterility as on prevention of too much moisture in contact with the beans. 

The rate of growth not being entirely uniform, the time required for the hypo¬ 
cotyl to reach the length desired was variable. A length of 100 mm. was attained 
on the average in about 2 weeks, and usually no side branches appeared until the 
hypocotyl was approximately 35 mm. long. The length of the hypocotyl 
was selected as a measure of the degree of development rather than the days of 
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germination, in accordance with the experience of Leclerc du Sablon (2), and 
Deleano (6). 

The seedlings were removed from the moist chambers when the hypocotyls 
reached the desired lengths, the seed coat and sheath pulled off, and the germinat¬ 
ing structure dried for about 24 hours at 90°C. Some investigators (6, 18) have 
recommended drying for a longer time at lower temperatures to prevent changes 
in the composition of the oil, but soluble carbohydrates might be lost by this slow 
drying due to respiration of the seed or fermentation brought about by moulds and 
bacteria. Von Fiirth (11) too, has shown that the iodine number of the oil ex¬ 
tracted from seedlings dried at 90° for some time has approximately the same value 
as that of oil extracted from ungerminated seeds. When the plant material was 
practically dry it was prepared for analysis by grinding into a fine paste or powder, 
depending upon the amount of oil present. 

In a second series of experiments casto^r beans were dipped in 0.8 to 2 per cent 
formaldehyde, rinsed in sterile distilled water, and allowed to germinate in the 
dark. When the hypocotyls were a few millimeters long (see Nos. 7 and 8, Table 
IV) these seedlings were placed on moist cotton at the bottom of 3 to 8 liter bottles 
and these were then closed tightly to prevent the loss or entrance of air. The 
rubber stopper was provided with two glass tubes closed externally by means of 
rubber tubing and screw clamps, also with a small manometer filled with mercury 
for recording pressure change in the bottle. The bottles and seedlings were set 
away in a dark cupboard and after a period of time—the number of days varied— 
the bottles were removed, a portion of the contained gas being transferred to 
sampling tubes and analyzed in a Haldane gas analyzer. Ungerminated seeds 
at times were confined in the same manner. The chief difficulty in these experi¬ 
ments lay in the fact that not all of the seeds germinated or continued to grow. 
After the gas samples were taken, all the beans or seedlings were removed, dried, 
ground, and analyzed as set forth in the following paragraphs, analyses being made 
for water, ash, ether extract, protein, crude fiber, total reducing matter as 
invert sugar, and in the later experiments glucose. 

Moisture was determined by placing samples in shallow evaporating dishes and 
dr 3 dng to constant w^eight at 100°C. These same samples were then ashed in a 
muffle at dull red heat until the ash assumed a grayish white cast. For ether 
extract samples of the dried material were weighed by difference into double thick¬ 
ness extraction thimbles and extracted with dry ethyl ether in Soxhlet extractors 
for 16 hours. In several analyses, samples were extracted with petrolic ether, and 
the percentage of fat obtained corresponded almost exactly with that obtained 
with ethyl ether. In one analysis the sample was extracted with both ethyl and 
petrolic ethers and in the ether extract nitrogen was determined. This amounted 
to approximately 0.1 per cent, showing that very little nitrogenous matter was 
removed during two 16 hour extraction periods. 

Nitrogen was determined by the Kjeldahl method, the factor 6.25 being used to 
convert nitrogen to protein. To determine reducing matter a weighed sample of 
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the material was boiled with water for 30 minutes and filtered into a 250 cc. vol¬ 
umetric flask, the residue being washed with hot water. The contents of the flask 
were cooled and made to 250 cc. 50 cc. portions were removed and put in each 
of two beakers. To the contents of one beaker, 1 cc. of concentrated HCl was 
added and the solution heated on a water bath for 15 minutes to hydrolyze the 
sugar. This was then neutralized with strong NaOH and a drop of HCl added to 
discharge the pink color of phenolphthalein. The total reducing matter was then 
determined by the Bertrand method. The reducing substances in the unhy¬ 
drolyzed 50 cc. portion were determined directly by Bertrand’s method. The 
cubic centimeters of KMn 04 used here were subtracted from the cubic centimeters 
used for the total reducing matter and the difference calculated as glucose. Zinc 
sulfate added to the original solution or to the solution after hydrolysis had no 
effect upon the final results. Repeated boiling of the fat-rich samples failed to 
yield any additional quantity of sugar. Crude fiber was determined according to 
the method of the Association of Official Agricultural Chemists (19). 

DISCUSSION OF RESULTS 

The results of the chemical analysis of beans having h 3 ^ocotyls from 
5 to 100 mm. are presented in Table I. All values are averages of 
several analyses of beans which had been germinated at dififerent times 
during the year. The percentage of fat shows a steady decline, the 
most rapid fall occurring during the period when the hypocotyls are 
between 35 and 45 mm. in length. Deleano (6) also observed the 
fact that chemical changes were at a maximum during this stage of 
germination. As the fat decreases, we notice a marked rise in the 
reducing matter calculated as invert sugar. There is very little 
reducing matter in the unhydrolyzed water extracts until the length 
of the hypocotyl is 35 mm. or more. The crude fiber shows a rather 
irregular series of values, but there is a definite tendency toward a rise 
as one would expect. Certainly the accuracy of the method is not of 
the highest order. Some of the variations may have been due to 
irregularity in the development of the root system, for some lots of 
seedlings had far more roots than others. The nitrogen content of 
the germinated beans was fairly constant, although there is a notice¬ 
able rise as germination progresses. This apparent increase in nitro¬ 
gen content is set forth more clearly in the results shown in Table II. 
The amino nitrogen content is small, usually less than 1 per cent until 
the later stages of germination are reached. Loss of a volatile sub¬ 
stance during drying would explain this rise in the amount of nitrogen 
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present. The percentage of ash in the seedlings at various times 
during their growth is fairly constant. There is a gradual increase in 
the undetermined matter the longer the period of germination. 

TABLE I 


Chemical Composition of Germinating Castor Beans 


Stage 

Length hypocotyl 

Ether 

extract 

Total 
reducing 
matter 
as invert 
sugar 

Glucose 

Crude 

fiber 

N X 6.25 

Ash 

Total 

No. of 
lots of 
beans 
ana¬ 
lyzed 


mm. 

Per cent 

per cent 

per cent 

per cent 

per cent 

per cent 

per cent 


0 

Ungerminated 

67.85 

1.18 


1.87 

25.72 

2.61 

99.01 

5 

1 

5-10 

63.74 

1.62 


2.62 

26.32 

2.63 

96.93 

2 

2 

10-20 

61.55 

6.02 


3.23 

24.26 

2.57 

97.64 

3 

3 

20-35 

57.40 

6.88 


2.37 

25.86 

2.48 

98.62 

4 

4 

35-45 

45.30 

15.68 


4.02 

26.51 

2.77 

93.33 

3 

5 

45-60 

38.03 

17.26 


7.01 

27.48 

2.43 

91.69 

2 

6 

60-80 

32.58 

25.84 

4.47 

4.08 

26.84 

2.86 

92.19 

3 

7 

8 

80-100 

Above 100 

25.28 

26 63 

6.32 

5.01 

27.26 

3.04 

87.21 

2 


Per 

cent 



Chart 1. Carbon of fat disapp)earing and of carbohydrate appearing—in per¬ 
centage. 

In Chart I the percentage of carbon of the fat disappearing and of 
the reducing matter and crude fiber appearing has been calculated 
using the data in Table I. The fat carbon was calculated from the 
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content in ricinolein, the carbon in the reducing matter from the con¬ 
tent in sucrose, and in that of fiber, from the formula CeHioOs. Due to 
the fact that we were unable to obtain 100 per cent of the constituents 
present in the various lots of castor beans, the fat, reducing matter, 
and fiber were converted to terms of 100 per cent to permit a satisfac¬ 
tory comparison of the results. Always the fat disappearing was 
determined by subtracting the percentage of fat present at each stage 
of germination from that present in the ungerminated seeds, corrected 
values, of course, being substituted for those shown in Table I. From 
the data in this chart it is seen that in the first two stages of germina¬ 
tion the carbon of the fat disappearing and of the reducing matter 
and crude fiber appearing practically balance each other. Growth at 


TABLE II 


Chemical Composilion of Castor Beans in More Advanced Stages of Germination 


Length hypo- 
cotyl and roots 

Ether 

extract 

Total 
reducing 
matter 
as invert 
sugar 

Glucose 

Crude fiber 

N X 6.25 

Ash 

Total 

mm. 

per cent 

per cent 

per cent 

Per cent 

per cent 

per cent 

per cent 

100-120 

34.73 

23.21 

5.46 

3.77 

27.52 

2.81 

92 04 

80-140 

22.53 

39.39 

— 

5.47 

27.32 

2.79 

97 50 

100-150 

17.36 

35.68 

18 45 

4.30 

27.11 

3.02 

87,47 

150-200 

15.21 

26 93 

10 55 

5.20 

29.32 

2.88 

79.S4 

175-250 

11.97 

14.28 

10.75 

12 89 

34.68 

4.42 

78.24 


this stage is slow, so that respiration is not as great here (see Paper I) 
as at some of the later periods in the development of the seedling. 
After these stages just mentioned, the carbon of the fat disappearing 
is always much greater than the carbon of the reducing substances and 
fiber. Much of the remaining carbon can be accounted for as that of 
the respiration, as will be pointed out in the discussion of the results 
in Tables III and IV. 

In Table II, the results of the analyses on seedlings, which had been 
permitted to germinate for a longer period than those shown in Table 
I, are given. These beans were kept in the dark constantly. The 
percentage of fat in the latest stages has now fallen to a low value. 
The total reducing matter of the beans with hypocotyls 80 to 140 mm. 
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in length calculated as invert sugar reaches a peak at approximately 
40 per cent, then falls along with the fat. The reducing matter 
obtained prior to hydrolysis and calculated as glucose also reaches a 
maximum at 100 to ISO mm. length of hypocotyl and then decreases 
in amount. The crude fiber increases materially as would be expected. 


TABLE III 

Composition of Castor Beans at Beginning and End of Respiration Period 


Lot No. 

Ash 

Ether 

extract 

Reducing 
substance 
as invert 
sugar 

N X 6.2S 

Crude 

fiber 

Total 

Undeter¬ 

mined 


per cent 

per cent 

per cent 

per cent 

per cent 

per cent 

per cent 

fBeginning 

2.31 

68.48 

1.21 

26.15 

1.08 

99.83 

0 17 

1 End 

2.40 

63.46 

2.12 

24.63 

2.28 

94.89 

5.11 

[Difference 

+0.09 

-5.02 

+0.91 

-2.12 

+1.20 


+4.94 

[Beginning 

2.58 

60.27 

3.78 

26.77 

5.16 

98.56 

1.44 

jEnd 

2.61 

56 00 

6 38 

24.68 

2.97 

92.65 

7.35 

[Difference 

+0.03 

-4.27 

+2.60 

-2.09 

-2.19 


+5.91 

[Beginning 

2.61 

67.85 

1.18 

25.72 

1.87 

99.01 

0.99 

1 End 

2.58 

62.93 

2.38 

27.99 

1.23 

97.11 

2.89 

[Difference 

-0.03 

-4.92 

+1.20 

+2.27 

-0.64 


+1.90 

f Beginning 

2.61 

67.85 

1.18 

25.72 

1.87 

99.01 

0.99 

j End 

2.67 

63.94 

2.82 

29.62 

1.35 

100.40 


[Difference 

+0.06 

-3.91 

+1.64 

+3.90 

-0.52 



[Beginning 

2.61 

67.85 

1.18 

25.72 

1.87 

99.01 

0.99 

j End 

2.38 

67.72 

2.60 

23.63 

1.24 

97.17 

2.83 

[Difference 

-0.23 

-0.13 

+ 1.42 

-2.09 

-0.63 


+ 1 84 

[ Beginning 

2.59 

57.34 

10.71 

24.51 

1.72 

96.87 

3.13 

1 End 

2.68 

44.73 

18.86 

26.32 

2.62 

95.21 

4.79 

[Difference 

+0.09 

-12.61 

+8.15 

+ 1.81 

+0.90 


+ 1.66 


The significance of the values given for protein is questionable as there 
is no certainty that the factor 6.25 is correct at all stages of the 
development. The ash in these beans also remains fairly constant 
and agrees with that of the younger stage. There is a still greater in¬ 
crease in the undetermined fraction. 

The results as shown in Table III were obtained by analyzing beans 
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which had been confined for various lengths of time in closed bottles 
as previously described. The purpose of this part of the study was to 
compare directly the nature of the respiratory exchange with the 
nature of the chemical changes as shown by analysis. It was the 
hope indeed to make a complete carbon and oxygen balance for the 
time during which the beans were confined by taking account of the 
composition at the beginning and end of the respiration period and the 
respiratory exchange itself. This hope was frustrated in part by the 
independent discovery of an undeterminable (by ordinary methods of 
proximate analysis) remainder which increased with age, in part by 
failure to secure 100 per cent germination or growth of the beans con¬ 
fined as described, and in part by the inexactness of the crude fiber 
method of the A. 0. A. C. as applied to the material of castor beans. 
Nevertheless it is instructive to lay the chemical analysis side by side 
with the respiration figures on the same beans. 

It is evident that the values given for the “End” in Table III cannot 
be put down as describing the composition of any given stage. They 
represent rather the mixed composition of beans which had grown 
unequally and some not at all. They are none the less correct analyses 
within the limits of the methods used. 

By comparing the actual composition at the end with the average 
analyses of corresponding stages when the beans were confined to the 
respiration bottles, a difference in content is obtained which, combined 
with a certain amount of combustion, should account for the respira¬ 
tory exchange. This obviously cannot be expected to give a perfect 
accounting until the nature of the undetermined material is found. 

Table IV gives the respiratory exchange as found in the same lots of 
beans as shown in Table III. The bottles in all cases were filled with 
outdoor air by suction and filtration through a cotton plug, placed in 
the inlet tube, immediately after the beans were introduced. Hence 
the composition of the air at the end compared with the composition 
of outdoor air gave the respiratory exchange of the beans. 

The respiratory quotients in all cases were between 0.48 and 0.58 
and were therefore in good agreement with those shown in Table VII 
of Paper I, and obtained by the same method. 

The changes in composition (Table III) which are characteristic in 
all of these cases are similar in kind, though not in amount, to those 
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shown in Tables I and II; namely, a decrease in the percentage of ether 
extract, an increase in the percentage of reducing substance, and an 
increase of the undetermined residue. The changes in ash are negli¬ 
gible; those in the protein (N X 6.25) are variable, some showing an 
increase, others a decrease. The changes in crude fiber, which were 
variable in Tables I and II, though usually increasing with age, are in 
these special lots exceedingly variable. In four of the six lots it 
decreased, which we can only attribute to the fact that some of the 
beans, as previously mentioned, failed to germinate or to grow nor¬ 
mally.' 


TABLE IV 


Representative Respiratory Metabolism of Several Lots of Castor Beans Whose Final 
Composition is Given in Table III 


Experi¬ 

ment 

No. of 
days in 

No. of 
beans 

Stage in mm. length of hypocotyl 

CO, 

pro- 

auced 

0, ab¬ 
sorbed 

R.Q. 

No. 

bottle 

At beginning 

At end 

7 

3 

24 

1-5 

Average 13.1 

cc. 

208 

cc. 

386 

0.53 

8 

3 

24 

Average 15.6 

29 

326 

628 

0.52 

11 

5 

21 

Ungerminated 

Ungerminated to 30 

322 

552 

0.58 

12 

7 

15 


“ “ 40 

302 

524 

0.58 

13 

5 

20 


“ “ 45 

270 

462 

0.58 

17 

3 

30 

20-35 

45-90 

676 

1419 

0.476 


The O 2 content of the bottles at the end of the respiration period in 
all the lots showing a decrease of crude fiber was quite low (from 
0.12 per cent in No. 11 to 3.8 per cent in No. 13) but there is no paral¬ 
lelism between this final percentage and the decrease in crude fiber. 
In Lots 7 and 17, where the crude fiber increased, the percentage of 
O 2 at the end was relatively high (8.7 per cent in No. 7 and 5.4 per cent 
in No. 17). 

»In some other lots which had to be discarded beans were found which not only 
failed to germinate but degenerated, and became quite soft. It is possible that 
some of the ungerminated beans in the lots analyzed (Nos. 11,12, and 13) also 
degenerated slightly, though they were not perceptibly softened. Softening might 
be due to a fermentation of the cellulose contained. The fiber therefore would 
escape the method of straining through fine linen used by the Association of Official 
Agricultural Chemists. This is only surmise. 
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Notwithstanding the very low final oxygens in the bottles where this 
occurred, most of the new growths were perfectly normal in appear¬ 
ance when the beans were removed and there was no odor of spoilage. 
Exceptionally the end of a rootlet or the point of junction of the 
rootlet with the hypocotyl would be darkened. It is not believed that 
these slight changes could alter the chemical composition or the 
respiratory activity. 

Table V presents the results of an attempt to balance the carbon of 
the fat and protein (where this decreased) disappearing against the 
carbon of the determined amounts of invert sugar (all of the sugar being 


TABLE V 
Tried C Balance 


Experi- 

Lost 


Gained 


Excess of C 

Un¬ 

deter- 

Per cent C in undeter¬ 
mined substance 

ment 

No. 

Cof 

fat 

Cof 

protein 

Cof 

invert 

sugar 

C of crude 
fiber 

Cof 

respi¬ 

ration 

loss over 
gain 

mined 

sub¬ 

stance 


gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 


7 

0.2225 

0.0657 

0.0305 

0.0219 

0.1117 

0.1241 

0.2833 

43 per cent (cellu¬ 
lose 44,4 per cent) 

8 

0.1813 

0.0606 

0.0600 

-0.0533 

0.1751 

0 0601 

0 3241 

18.5 per cent 

11 

] 

0.1778 

— 

0.0236 

-0.0132 

0.1730 

-0.0056 

0.0887 

Too much CO 2 (from 
fermentation?) 

12 

0.0980 

— 

0.0223 

-0 0075 

0.1623 

-0.0790 


u « 

13 

0.0039 

0.0414 

0.0232 

-0.0108 

0 1451 

-0.1132 

0.0713 

U i< 

17 

0.897 


0.3156 

0.0268 

0.3633 

0.1813 

0.1527 

(No fermentation 
possible) 


SO expressed) and crude fiber formed and the C of CO 2 produced. 
To be perfectly fair to the experiment, the C of crude fiber has been 
deducted where the analysis shows a decrease. The attempt is not 
very successful and for this reason the balance is called a “trial bal¬ 
ance.” It is instructive only as showing the points at which the 
technique must be improved in future studies of this character. In 
Experiment 7 (first of the table), the carbon of fat and protein disap¬ 
pearing exceeds the carbon of sugar and crude fiber formed and of CO 2 
produced, by a substantial amount. The undetermined substance 
indicated by the analysis as having been formed comes to 0.2833 gm., 
and, dividing the excess carbon by this weight, an indicated percentage 
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for the undetermined substance of 43 is obtained, which suggests a 
substance of about the composition of cellulose (44.4 per cent). In 
Experiment 8 it is possible also to calculate an excess by deducting the 
C of crude fiber, which decreased, instead of adding it to the right hand 
side of the balance; but the indicated percentage of carbon for the 
undetermined matter is only 18.5, which does not agree with the C 
content of any possible intermediary substance. Without deduction 
of the C of crude fiber the carbons of the two sides almost balance; 
but this leaves none for the undetermined residue. The next three 
experiments all show an excess on the side of C compounds formed, 
which we can only attribute to production of too much COj by fermen¬ 
tation in the beans which failed to germinate, or having germinated, 
fidled to grow. Experiment 17 gives a poor balance on this basis, 
but as will be seen below, it agrees with No. 7 on the basis of the ratio 
of C to Oj. 

To account for the r.q. found in Experiment 7 we may proceed as 
follows: We may imagine cane sugar to be formed from the ricinoleic 
acid by the reaction 2Ci8 H 34 Oj -|- 14 O 2 = 3 Ci 2 H 2 i On + HtO. The 
amount of C found in the invert sugar was 0.0305 gm. (Table V). 
ITiis would require (448:432: 0.0305) 0.0316 gm. 62 . Like¬ 

wise we may assume that crude fiber (cellulose) is formed by the 
reaction Cis Hs 4 O 3 -f 7 O 2 = 3 CsHioOs -f 2 H 2 O. The amount of C 
in the fiber formed was 0.0219 gm. This would require 0.0227 gm. O 2 . 
The C of the respiration found was 0.1117 gm. If this all came from 
the fatty acid by the reaction 3 Cig H 34 Og -f 75 O 2 = 54 CO 2 + 51 H 2 O 
it would require 0.414 gm. O 2 and would produce 0.4095 gm. CO 2 , which 
itself would give the R.Q. 0.4095/0.414 X 8/11 = 0.719. Adding the 
oxygen necessary for formation of the sugar and cellulose we get a 
total of (0.414 -f 0.0316 -f- 0.0227 = 0.4683 gm. and this would give 
an R.Q. of 0.4095/0.4683 X 8/11 = 0.636. Since the r.q. found was 
0.53, we may be certain either that some sugar was oxidized to give 
the CO 2 (C) found in the air or that oxygen was used also for produc¬ 
tion of the undetermined substance. There remains of the C of fat 
which disappeared 0.2225 - (0.1117 + 0.0305 + 0.0219) = 0.0584 
gm. and to give an r.q. of 0.53 with the CO 2 found we require in addi¬ 
tion to the O 2 already accounted for 0.0936 gm. Therefore it is not 
unreasonable to suppose this amount of oxygen has combined with 
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0.0584 gm. C to produce the undetermined substance, which is some¬ 
what suggestive of arabonic acid, an oxidation product of arabinose. 
It is interesting to find that if sugar and cellulose formation and com¬ 
bustion of fat were to take place in the proportions of the reactions 
postulated above, i.e, 2 mols of C 18 H 34 O 8 to cane sugar, 1 mol to cellulose, 
and 3 mols for combustion, we should have 54 mols C 02 produced and 
96 0* absorbed which would give an r.q. of 0.562. 

If C from protein in slight amount were used to produce either cane 
sugar or cellulose as assumed in the trial carbon balance of Table V, 
the argument would not be altered and the r.q. would not be greatly 
affected. If all the glycerol of the ricinolein were transformed to 
sugar instead of being oxidized the quotient would be diminished as 
indicated below. 

If the entire fat molecule were oxidized, we should get: 

C, Hi (C,8 Hm 0,), + 78.5 O 2 = 57 CO 2 -t- 52 H^O 


57 CO, 
78.5 O 2 


0.726 R.Q. 


But if the fat were first hydrolyzed, the fatty acid only oxidized, 
and the glycerol converted to glucose, we should have: 

3 (C„ Hj4 O,) -h 75 Oj = 54 CO 2 + 51 H,0 
2 CsHgOs +02= C6Hi20e + 2 H 2 O 


54 CO 2 

75 O 2 + 0.5 O 2 


0.715 R.Q. 


In the case of Experiment 17 we get the following carbon balance 


C of fat disappearing 0.897 gm. 

C “ sugar formed 0.3156 gm. 

C “ fiber 0.0268 “ 

C “ respiration 0.3633 “ 0.7057 

Excess C. 0.1913 gm. 


Computing the O 2 necessary for formation of sugar by the reaction 

2C]8H3403 + 14 O 2 =* 3 C 12 H 22 O 11 + H 2 O 
ricinoleic acid cane sugar 

as before, we get 0.3273 gm. and for formation of crude fiber by the 
reaction 

Cn Hj4 Os + 70a = 3 Cs Hio Os -|- 2 HaO 
we get 0.0278 gm. 
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The oxygen necessary to form the CO* of the respiration (1.332 gm.) 
by regular combustion of the ricinolein would be 1.334 gm. with the 
regular r.q. of 0.726. If we add the oxygen necessary to form the 
sugar and cellulose (crude fiber) found (see above) we get a total of 
1.689 gm. O* which with the CO* found in the respiration bottle would 
give an r.q. of 1.332/1.689 X 8/11 = 0.574. The actual r.q., 
however, was 0.476 and with 1.332 gm. CO* this would require a total 
of 2.035 gm.* O* or a surplus of 0.346 gm. which presumably has com¬ 
bined with the excess carbon of 0.1913 gm. to form the undetermined 
substance. The proportions are again suggestive of an oxidation 
product of pentose. 

The evidence adduced from these calculations and correlations is 
not at all conclusive for the chemical nature of the undetermined 
residue. It is presented merely as indicative of a direction in which to 
apply further chemical search. 

Returning to the analytical results we call attention to the fairly 
close agreement with the analyses of Maquenne (5) and Deleano 
(6) also on the castor bean, and especially to their original discovery 
of the increasing percentage of undeterminable residue which we have 
confirmed. The significance of this residue in the problem of con¬ 
version of fat to carbohydrate they apparently did not appreciate. 
We have not been able to confirm the presence of lactic acid by Uffel- 
mann’s reagent or the thiophene reaction. No starch has been found, 
except in the later stages studied and then only in the hypocotyl and 
rootlets. 

The chemistry of the germinating fatty seed is far from complete and 
until much more is known about it the details of the transformation 
of fat to carbohydrate cannot be filled in. Of the occurrence of this 
transformation in the castor bean, however, we no longer entertain 
any doubt. 


SUMMARY AND CONCLUSIONS 

1. Analyses for fat (ether extract), protein (N X 6.25), sugar includ¬ 
ing glucose, crude fiber, and ash have been made on all stages of the 
germinating castor bean up to 250 mm. length of hypocotyl and root 
s3rstem. 

’ This is very close to the total actually found by anal)^is of the air. 
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2. There is a continual decrease in the amount of fat present in the 
whole germinating seedling, and a continual increase in the amount of 
sugar up to about 40 per cent (dry weight) at a h)rpocotyl length of 
80 to 140 mm., after which it decreases as crude fiber (cellulose) in¬ 
creases. The most rapid decrease in fat content coincides roughly 
with the most rapid increase of sugar. 

3. The carbon balance between fat loss and carbohydrate (including 
fiber) gain is not at all close, except at the very beginning of growth. 
An undetermined residue occurs, which increases steadily along with 
the total carbohydrate and accounts for more and more of the carbon. 

4. The protein content which in the ungerminated bean is about 26 
per cent, at first falls a little and then rather steadily increases to 
reach nearly 35 per cent (dry) at the last stages studied. The most 
plausible explanation of this is the occurrence of more and more vola¬ 
tile substance which is lost in drying. 

5. The ash increases irregularly but in the end shows about the 
same ratio of increase as the protein. 

6. Respiration studies on several lots of these beans at different 
stages of germination exhibited the same low respiratory quotients as 
reported in Paper I. Comparing their composition at the end of the 
respiration period with that of corresponding stages when the period 
began, the chemical change can be compared with the respiratory ex¬ 
change. 

7. A trial balance of all the carbon changes including the respira¬ 
tory carbon and protein carbon is not very satisfactory, because of our 
ignorance of the undetermined residue. 

8. The respiratory quotient found can be accounted for quite 
satisfactorily on the assumption that two out of six molecules of ricino- 
leic acid are converted to cane sugar, one to cellulose, and three are 
oxidized. 

9. The oxygen needed to produce the quantities of known carbohy¬ 
drate found, added to that used for combustion, and the total sub¬ 
tracted from the observed loss from the respired air yields in two 
experiments a quantity which, combined with the excess carbon, sug¬ 
gests that the undetermined substance may be an oxidation product 
of pentose. 
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QyO.9 per cent as given by Newton and Gortner. The above two varieties of 
wheat were non-hardy, but in the case of Trilicum mlgare var. Minhardi, a hardy 
species, recalculation also shows a ‘negative’ amount pf ‘bound’ water to be present 
instead of 2.2 per cent as claimed. 

“Obviously, then, the method employed by Newton and Gortner is unsuited for 
the determination of the amount of bound water in solutions and leads, in man y 
cases, to the impossible conclusion that a negative amount of water is actually 
bound.” 

It must be admitted that Grollman is correct in his criticism of 
Formula (1) in so far as it applies to plant saps and to solutions containing 
true solutes. He was, however, unfortunate in concluding that winter- 
hardy wheats do not show the phenomenon of water binding, for the 
data which he selected for recalculation was taken from a table of 
data on greenhouse-grown plants and in all published work emanating 
from this laboratory or from the laboratories of Dr. Newton it has 
been expressly stated that there is no differentiation between winter- 
hardy and winter-tender plants grown in the greenhouse until after 
they have been subjected to a “hardening off” process by subjection 
to low temperatures for several days. GroUman’s calculations were 
made on data taken from Table 31 (8) of tender plants. If he had 
recalculated the data in Table 32 (8) (c/. Newton (9), p. 31) his con¬ 
clusions would not have been sustained. These data, together with 
recalculations according to Grollman’s Formula (2) are shown in 
Table I. 

In the collections of February 3 to 18 from the field we find that 
Super and Fulcaster wheats show no bound water. These wheats in 
Miimesota or Alberta are non-winter-hardy. Kanred showing 3.65 
per cent of bound water is moderately winter-hardy, Minhardi with 
7.49 per cent of bound water is very winter-hardy. The order in the 
table from Minhardi to Fulcaster is exactly the order of winter hardiness 
shoum by field tests, so that the corrected Formula (2) of Grollman does 
not change the essential conclusion that winter hardiness in wheat is 
accompanied by something that is measured by this cryoscopic method 
and which has been designated as bound water. The greenhouse- 
grown wheats were demonstrated to be in a winter-tender condition 
and again the figures confirm this fact. 

Grollman does not discuss the data for giun acacia, merely noting 
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in the paragraph quoted “with the exception of gum acacia.” It 
appears to us that this is a crucial exception. Here the corrected 
formula does not apply and the original Formula (1) of Newton and 
Gortner is essentially correct. In this colloidal sol appreciable 

TABLE I 


The Determinalion of Bound Water in Certain Plant Saps and Lyophilic Sols 
by the Cryoscopic Method 


Material used 

Leaves of 

Calculations by Formula (1) of Newton 
and Gortner 

Calcu¬ 

lated 

by 

Formula 
(2) of 
Groll¬ 
man 

< 

0 

< 

1 

e 

<1 

1 

+ 

3 

1 

0 

<1 

Bound water 

Bound water 



degrees 

degrees 

degrees 

degrees 

Per cent 

per cerU 

Feb. 3-18, 1922. 

Minhardi 

1.741 

4.226 

2.485 


14.4 

7.49 

Collected from the 

Buffum 

1.719 

4.158 

2.439 

tm 


5v49 

open 

Turkey 

1.273 

3.612 

2.339 

0.254 

9.7 



Kanred 

1.461 

3.753 

2.292 

Ejwm 

8.1 

3.65 


Super 

Di 

3.279 

2.194 


4.4 

-0.89 


Fulcaster 

B 

3.394 

2.192 


4.3 

-1.60 

From greenhouse. 

Minhardi 

1.147 

3.284 

2.137 

0.052 

2.2 

-3.83 

Feb. 10-16, 1922 

Super 




0.021 


-4.37 


Cactus (stems) 



2.298 


8.3 



Gum acacia sols 








1 per cent 


2.147 

2.142 


2.37 

2.32 


3 per cent 


2.186 

2.173 


3.61 

3.48 


5 per cent 


2,221 

2.196 

0.111 


4.37 


7 per cent 

0.034 

2.254 


0.135 

5.42 

5.26 


10 per cent 

0.048 

2.294 

2.246 

0.161 

6.39 

6.15 


amounts of bound water are shown to be present regardless of how the 
data are calculated. 

Grollman adds that a “negative” bound water is an impossibility. 
This conclusion in itself is not correct for, as Bull (10) has recently 
pointed out, a negative bound water value is a necessary corollary 
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when adsorption of solutes is greater than is adsorption of the solvent. 
If both solutes and water are adsorbed to the same extent then no 
bound water will be indicated. 

Grolhnan suggests that sucrose, regarding the solutions of which we 
know relatively little, should be replaced by some electrolyte such as 
KCl, the solute behavior of which is relatively well known, and he 
finds in his studies of such systems little or no bound water. This 
finding may simply mean that the more mobile K+ and Cl~ ions are 
either preferentially adsorbed or equally adsorbed along with the 
water, whereas the non-ionic and highly polar sucrose molecule is 
negatively adsorbed. 

It should be added that it appears to the authors that the available 
data {cf. especially Newton and Martin (5)), showing as they do an 
almost exact correlation between bound water values as determined 
by the cryoscopic method and the biological response of plants to their 
environment as demonstrated by field tests, is strongly suggestive of a 
parallel, if not a causative, phenomenon, and this biological correlation 
must be accounted for before the bound water theory is thrown into 
the discard on what appears to be more or less theoretical assumptions. 

EXPERIMENTAL 

While considering certain of the problems which have been noted, 
an alternative method of calculating cryoscopic data occurred to us. 
Grollman rightly suggests that the freezing point method may be 
subject to appreciable errors. There are the random errors of individ¬ 
ual determinations and there are the errors of correcting for the 
ice which separates due to cooling below the true freezing point. 
The correction for undercooling 

A = a' - 0125u A' (3) 


where A = corrected freezing point 
a' = observed freezing point 
u = degrees undercooling 

was used in all earlier data published from this laboratory. 

Formula (3) assumes a specific heat for the S 3 retem which is identical 
with the specific heat of water, and assumes that all of the heat of 



332 


DETERMINATION OF BOUND WATER 


ciystallization is utilized to raise the temperature of the solution. 
It also assumes that no heat exchange occurs between the s)rstem and 
its environment. Obviously these are ideal conditions which may 
not be realized experimentally. 

It appeared, therefore, preferable to discard these assumptions and 
to assume only that there is a linear relationship between under¬ 
cooling and the observed freezing point, which assumption appears 
to be well founded. 

If then a series of data is secured in which are recorded the observed 
freezing point (A') and the degrees undercooling («) such data can be 
treated by the method of least squares to find the constants (a) and 
(6) for the straight line which mathematically fits the data. 

2(*) • 2(*y) - S(**) • 2(y) 

a s*----- (4) 

[2(*)]« - 

2(») • 2(y) - nX(xy) 

[r(*))* - 

where x •= u 

y ea At 

a = the true freezing point (t.c. A' where « = 0) 
b tangent of the angle which the line makes with the y axis 

Such a study has been carried out on aqueous solutions of molar 
sucrose and m/2 KCl, KBr, and KI and on these solutions containing 
3 or 5 per cent gum acacia. All solutions were weight molar. The 
gum acacia was selected from clear pieces and showed an almost 
negligible depression of the freezing point (0.024°) in a 5 per cent sol 
but the accepted true freezing points in Table II have been corrected 
for this slight depression. The data are shown in Table II and Figs. 
1 to 4. The lines in the graphs are those calculated by the method 
of least squares. 


DISCUSSION 

Several things are evident from an inspection of the figures and 
Table II. 

In the first place there is a relatively large probable error for an 
individual freezmg point determination. This error is probably 
larger in this series of determinations than would be the case if the 
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series were repeated. After all determinations had been completed 
it was observed that there was a distinct hysteresis effect observable 
in the acacia data. Those solutions which had stood for a time showed 
a slightly different freezing point scatter diagram than that shown a 
day or two previously by the same solution. Three series of runs 
(on different days) on the same solutions of sucrose + 3 per cent 
acacia and two series on sucrose + 5 per cent acacia are shown in 


TABLE n 

The Trtte Freezing Point Depressions of Certain Solutions—loith and without 
the Presence of Added Gum Acacia 


System 

No. of freezing points 
to determine line 

Calculated true freezing 
point at M = 0 

Angle of regression line 

Change in A due to col¬ 
loid 

Average freezing point 
using conventional 
equation (3) for correct¬ 
ing for imdercooling 

Change in A due to col¬ 
loid 



degrees 

tangerU 

degrees 

degrees 

degrees 

m/1 sucrose. 

10 

2.058 

0.0650 


2.104 


m/1 sucrose + 3 per cent acacia. 

19 

2.106 

0.0511 


2.132 

+0.028 

m/1 sucrose + 5 per cent acacia. 

21 

2.133 

0.0452 


2.152 

+0.048 

m/2 KCl. 

14 

1.664 

0.0318 


1.679 


m/2 KCl + 3 per cent acacia. 

16 

1.640 

0.0409 

-0.024 

1.663 

Mm 

m/2 KCl + 5 per cent acacia. 

24 

1.658 

0.0343 

-0.006 

1.674 

H 

M/2KBr. 

10 

1.699 

0.0361 


1.715 


m/2 KBr + 5 per cent acacia. 

11 

1.650 

0.0503 

-0.049 

1.679 

-0.036 

m/2 KI. 

27 

1.675 

0.0399 


1.730 1 


m/2 KI + 3 per cent acacia. 

10 

1.743 

0.0213 

+0.068 

1.741 

+0.011 


Fig. 1, although all series are combined in the calculation of the con¬ 
stants for the line. 

That this is a hysteresis (colloid aging) effect is made certain by 
unpublished data on gelatin-sucrose systems secured simultaneously 
with those presented in this paper. Here the trend was invariably 
from positive amounts of bound water to negative amounts with time. 
This would indicate a progressive removal of sucrose from the solution 
by the gelatin. Unfortunately we failed to keep exact enough 
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Fig. 2. Freezing point and undercooling data for m/2 KCl solutions with and without the addition 




336 


DETERMINATION OF BOUND WATER 


records of the environmental conditions of storage of these solutions 
to justify publishing the data. We hope to repeat and extend the 
gelatin-sugar series in the near future. 

In the second place it is evident that the conventional undercooling 
correction Equation (3) does not )deld entirely correct values. This 
formula gives a slightly curvilinear line with tangents 0.0246 at « = 1 
and 0.0256 at « = 4. The tangents found in Table II are, with only one 
exception, greater than these, yielding a somewhat smaller true freezing 
point depression (A) than the theoretical correction for undercooling 



Fig. 3. Freezing point and undercooling data for m/2 KBr solutions with and 
without the addition of gum acacia. 

would indicate. However, when the difference in freezing point depres¬ 
sions due to the presence of colloid are considered (Columns 5 and 7, 
Table II) the values derived from the two methods of calculation are 
remarkably consistent. We believe, however, that the least squares 
method, involvbg as it does only experimental data, is the preferable 
one to use on reasonably extensive series of data. 

In the third place the data indicate a positive amount of bound water 
in sucrose-gum acacia systems and a slightly negative amount in 
acacia-KCl and acacia-KBr systems. The acacia-KI system shows a 
positive value. While the values are not great, we believe that they 
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Fig. 4. Freezing point and undercooling data for m/2 KI solutions with and without the addition of gum acaci< 
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are significant and actually represent positive and negative adsorption 
of the solvent by the coUoid with concomitant negative and positive 
adsorption of the solute; i.e., the components of the solution are taken 
up differentially in hydrating the gum. A depression of the freezing 
point of 2.058° indicates a 1.106 molar solution. Therefore the gram 
mole of sucrose is actually dissolved in 904.2 gm. of water. This 
corresponds almost exactly to a pentahydrate instead of the hexahy- 
drate of Satchard (2). The freezing point of the 3 per cent acacia- 
sucrose solution corresponds to a 1.132 molar solution or 1 gm. mole 
of sucrose dissolved in 883.3 gm. of water. The 30 gm. of gum acacia 
have accordingly bound 20.9 gm. of water. In a like manner the 5 per 
cent acacia-sucrose system corresponds to a 1.147 molar solution in 
which 1 gm. molecule of sugar would be dissolved in 871.8 cc. of water, 
with the 50 gm. of acacia binding 32.4 gm. These values are small 
but consistent and indicate that each gram of the colloid has bound 
0.6 to 0.7 gm. of water, assuming that no sugar molecules are ad¬ 
sorbed. If sugar molecules are simultaneously adsorbed then the 
binding of water is greater. In any event the 0.6 to 0.7 gm. water per 
gm. of this sample of gum acacia is a minimal value. Newton and 
Gortner (1) report 3.61 per cent of bound water in a 3 per cent acacia 
sol and 4.50 per cent in a 5 per cent sol. ITiese figures, applying 
Grollman’s correction (7) are 3.48 per cent and 4.37 per cent respec¬ 
tively. Our present series gives 2.09 per cent bound water for a 3 
per cent acacia sol and 3.24 per cent for a 5 per cent sol. Considering 
that we are dealing with different lots of commercial gum acacia the 
disagreement is not surprising. Both sets of data indicate that the 
colloid gum acacia takes up water preferentially from a sucrose solu¬ 
tion, resulting in a concentration of the sucrose in the body of the 
liquid. The water taken up is what Newton and Gortner designated 
bound water. 

Theoretically, if the molecular orientation hjrpothcses of Hardy, 
Harkins, Langmuir, Adam, etc., have a basis of fact, and water mole¬ 
cules are oriented at solid-liquid interfaces, such water molecules 
must be more or less immobilized and have a reduced “activity.” 
Such immobilized molecules constitute the bound water of Newton 
and Gortner (1). 
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SUMMARY 

1. The criticisms by Grollman (7) of the cryoscopic method for the 
determination of bound water as proposed by Newton and Gortner 
(1) have been considered, and it is pointed out that even admitting 
the correctness of his contentions does not negative the conclusion 
that bound water values as determined by the cryoscopic method 
parallel in a remarkable manner the physiological responses of plants 
to environmental conditions. 

2. A new method of calculating the true freezing point of a solution 
is proposed. 

3. Gum acacia in aqueous sucrose solutions shows positive amounts 
of bound water to the extent of 0.6 to 0.7 gm. of bound water per 
gram of gum. 

4. Gum acacia in aqueous solutions of KCl and KBr shows slightly 
negative amounts of bound water, indicating a preferential adsorption 
of the solute rather than the solvent. 
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THE INFLUENCE OF THE MOLECULAR WEIGHT 
ANTIGEN ON THE PROPORTION OF ANTIBODY 
TO ANTIGEN IN PRECIPITATES 

By william C. BOYD and SANFORD B. HOOKER 
{From the Evans Memorial, Massachusetts Memorial Uospitals, Boston) 
(Accepted for publication, September 30,1933) 

Since the study by Wu, Cheng, and Li (15) on the composition 
of the specific precipitate in a hemoglobin-antihemoglobin system 
there have appeared several papers dealing with this important 
problem. The antigens have included iodoalbumin (16), the pneumo¬ 
coccus S III hapten (5), R-salt-azo-benzidin-azo-egg albumin (6), 
hemoglobin (1), horse serum pseudoglobulin (10), casein-diazo- 
arsanilic acid (8), crystalline ovalbumin (2), horse serum-diazo- 
arsanilic acid, and others (11, 12). These studies have revealed 
that the composition of the precipitate is variable, depending upon 
the relative amounts of the two components in a mixture; also, that, 
in some of the systems, the ratio of antibody to antigen at the “op¬ 
timal,” “neutral,” or “equivalence” point is fairly constant in a 
given system, even with sera of widely differing potencies. The 
reported ratios in different systems vary considerably, from 4 to 60, 
and in our current study of antihemocyanin (Limulus) we have 
observed a ratio as low as 1.6. 

The present note is an attempt to account for the observed ratios 
on a simple assumption, that at the equivalence point the antigen mole¬ 
cule is just completely covered by molecules of antibody. In the cases 
to be discussed we suppose that the molecules of a given antigen are 
of the same size and are molecularly dispersed. Artificial compound 
antigens are omitted from consideration at present because of the, 
in general, inadequate experimental data, and because of our very 
limited comprehension of the influence of persisting unaltered or 
impaired native protein specificity, the effect of the number of artificial 
haptens per molecule and their distribution, whether on the surface 
or inside the molecule; information as to the specific volumes of 
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artificial compound antigens, their state of dispersion, etc., is also 
lacking. 

Eagle (4) has collected and contributed data which make it seem 
likely that antibody is closely similar to serum globulin. Svedberg’s 
(13) studies of ultracentrifugal sedimentation indicate that the 
molecular weight of horse serum globulin is about three times that of 
egg albumin, i.e. 3 X 34,500; he has contributed much evidence that 
proteins are of two sorts, one including those built up of 1, 2, 3, or 6 
units of molecular weight 34,500, and another composed of proteins 
of high molecular weight not obeying this rule (14). Many of the 
protein molecules studied by him behaved as spheres, and among the 
others deviations from sphericity <verc usually not great. Serum 
globulin molecules were found to be homomolecular (isometric) but 
non-spherical; we shall assume here that they are composed of three 
spheres of molecular weight 34,500, linked together in a flexible 
manner, so that when they are affixed to the surface of a molecule of 
antigen, each of the three component units is in contact with the 
antigenic surface. 

The problem then is to ascertain how many spheres, of molecular 
weight 34,500, can group themselves around a given antigenic or 
haptenic molecule. 

Since Svedberg’s observations show that most proteins have prac¬ 
tically the same partial specific volumes in solution, their volumes 
may be considered proportional to their molecular weights 

The geometrical problem concerning the maximal number of 
spheres, all of the same radius, that can be brought into contact with 
a central sphere, which may or may not have the same radius, has 
apparently escaped the attention of mathematicians. The following 
formula is believed to be a very close approximation. 


90® 



where N = the number of outer spheres, p = the ratio of the radius 

of the outer spheres to that of the inner sphere, and sin 5 = —-—. 

^ P 

Then, N times 34,500, divided’by the molecular weight of the a 
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gives the predicted ratio by weight. If the ‘^antigen*’ is not a protein, 
suitable correction—^which will be small—for the difference in specific 
volume should be considered.^ 

^ The derivation of this formula is as follows: consider three outer spheres of 
radius r', in mutual contact, on the surface of the inner sphere with radius r and 
center at G. Fig. 1 represents the section by a plane through the centers of the 
inner and two of the outer spheres. The points of contact A, B, and C of the 
outer spheres with the inner sphere determine the vertices of an equilateral spher¬ 
ical triangle ABC on the surface of the inner sphere. It is, of course, impossi¬ 
ble to show point C in the two-dimensional Fig. 1. The area of this spherical 
triangle is not completely covered by the three outer spheres, but since this is the 
closest packing possible, we may say that the area of this triangle, divided by 
the sum of the portions cut out of the three outer spheres by planes ABO^ A CO, 
BCO (represented in the schematic Fig. 2 by shaded areas), gives the area which 




Fig. 2 


offe outer sphere can effectively cover. 

This included portion will be 3 X a/360°, where a = the angle of the triangle, 
which can be computed by THuilier’s formula giving the relation between the 
spherical excess and the sides 


tan E/4c 




where E = the spherical excess of the triangle (sum of angles — 180°) and 0 = the 
angle FOB, sin ^ = r'/(r -f r') = p/(l -h p), where p = //r; so that 


a 


60® 4- 4/3 tan-i 



{Footnote continued on following page) 
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When one deals with single antigens, the Dean and Webb (3) 
optimum, at least in some systems, indicates essential neutrality 
(8, 12); at this point the supernatant fluid is either devoid of demon¬ 
strable antigen and antibody, or both are present in small amounts, 
which vary presumably with the dissociation constants of the 
compoimds. At this point, the precipitate in a crystalline ovalbumin 
system was found to be maximal, or nearly so (2). Precipitates 
formed in the region of antigen excess would not be expected to obey 
our rule. 


The area effectively covered by one outer sphere (/Ioff.), will be; 


; where A 


' 3a/360“ 

the area of the spherical triangle = ir f^£/180°. Substituting, this becomes 


T 8f* tan“* 


*eff. 


|/»n (“)•»«• (5) 


I 60® + 4/3 tan-i W 


The number of outer spheres, iV, will be given by 4 tt r^/i4off., where 4 ir = the 
area of the inner sphere. Substituting for yleff., 


N « 



In applying this formula, we assume that the volumes of different protein 
molecules are proportional to their molecular weights, so that p = 

When the antigen is not a protein the expression M^/M is multiplied by the ratio 
of the specific volumes. Taking the carbohydrate S III as an illustration, we 
have, assuming its specific volume to be the same as that of sucrose. 


p 




34,500 X 0.75 
4,000 X 0.64 


2.15. 


Therefore sin 0 = 2.15/3.15, and 0 = 43® 2.57'. Then 


90' 

A' - 2 +- . - 2 + 4.72 - 6.72 

tan-‘ Vtan 63“ 49' tan» 21' 16.29' 


and the ratio by weight of antibody to antigen would be 6.72 X 34,500/4,000 •• 58. 
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The L-hemocyanin we have used was kindly furnished by Professor 
Redfield and is considered to be of high purity; it was repeatedly 
precipitated at its isoelectric point; different samples thus prepared 
have given nearly identical analytical figures. The equivalence 

TABLE I 


Ratio by Weight of Antibody to Antigen 


Antigen 

Molecular 

weight 

Calculated 

ratio 

Observed 

ratio 

Source of 
data 

Pneumococcus S III. 


58 

60 

■nM 

Egg albumin. 


13.4 

13 


Hemoglobin. 


9.7 

10 


Pseudoglobulin. 


7.3 

4 


L-hemocyanin. 


1.47 

1.57 




Fig. 3. Calculated relation between ratio by weight {R) and molecular weight 
of antigen (ikf). 

point was determined by that optimal particulation method in which 
antigen is the variable, and we measured the nitrogen present in the 
precipitate obtained in the zone of slight antibody excess. 

The table gives the comparison between calculated and observed 
ratios. The number of systems concerning which data are available 
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is small, but practically the extremes of molecular weights of antigens 
are represented, together with some of the important intermediates. 

The graph provides a means of predicting the ratio to be expected 
when one is using an antigen of known molecular weight, and, if the 
assumption is correct, one might approximately estimate the molecular 
weight of any pure antigen or precipitable hapten. 

DISCUSSION 

Since the present accuracy obtained in determinations of antibody- 
antigen ratios did not seem to demand it, we have here taken no 
account of the fact that, in nature, N of course should always be an 
integer—^and presumably also a multiple of 3, since globulin = 3 X 
34,500; instead we have used without modification the results of the 
formula in which AT is a continuous function of p. If globulin is 
assumed to be a single sphere there are large discrepancies between 
observed and calculated ratios. The latter are too high. Possibly 
there is some flattening of the adsorbed antibody molecules which 
would account for this, but we are too ignorant of the subject of 
molecular distortion to deal with it in this connection. 

The molecular weight of 4,000 for S III is chosen as a fair mean 
of the values obtained by Heidelberger and Kendall by various 
methods (7). 

The figures for hemocyanin, in spite of the close check, should not 
be given too great weight, as our work on that system is incomplete. 
Due apparently to the fact that the precipitate is more dissociable 
than those from other systems, comparatively large corrections had 
to be applied to the analytical figures. Analysis for copper in the 
precipitate indicated that only about 90 per cent of the hemocyanin 
was thrown down in this zone of slight antibody excess. The fact 
that L-hemocyanin was not found to be exactly spherical is probably 
of less importance. 

The hemoglobin ratio, derived from the observations of Wu, Cheng, 
and Li, is assigned only tentatively. They did not exactly determine 
the point of equivalence but it would appear that their measurements 
were made in a zone closely neighboring neutrality. Some of Breinl 
and Haurowitz’ (1) data are similarly concordant. 

The greatest discrepancy occurs in the case of pseudoglobulin. 
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It seems possible to us that the low observed ratio could be due to 
failure of a part of the added protein antigen to precipitate; we had 
this informative experience in connection with as yet unfinished work 
on crystalline lactalbumin. It should be emphasized that the assump¬ 
tion that all of a portion of protein antigen added to an excess of 
antiserum enters into the precipitate is, in the absence of a chemical 
“marker” on the added protein, extremely perilous. One has no 
assurance that all of the antigenic “nitrogen” is immunologically 
active. Further, in view of the difficulty of separating the scrum 
globulins and of preparing specific “univalent” sera for them, it is 
quite possible that the globulin preparation, although entirely active, 
may be but partially homologous to the antiserum employed. Indeed, 
in globulin systems, we have repeatedly observed two optima between 
which antigen was present in large excess in the supernatant fluids. 
We were therefore unable to establish any reliable antibody-antigen 
ratio. 

In addition, our own calculations regarding pseudoglobulin, as 
antigen, are none too consistent. The ratio 7.3 is arrived at by 
considering the molecule to be spherical. When computations are 
based on the assumption that it is an aggregate of three spheres 
(3 X 34,500) the ratio is 10 or 11 depending upon how the antibody 
spheres are supposed to orient themselves around the antigen. The 
situation is decidedly unsatisfactory, but demands discussion. 

A further substantiatory indication of the influence of antigenic 
molecular weight upon the antibody-antigen ratio is afforded by the 
relative magnitudes of limiting titres determined by the antigen- 
dilution method. The notoriously active pneumococcus polysac¬ 
charides still react visibly when diluted several million fold; hemo- 
cyanin, according to our observations, had a limiting titre of about 
300,000 in tests with sera of an antibody concentration (2 to 3 mg./ml.) 
similar to that possessed by many antipncumococcus sera. It is 
obvious that progressive dilution would reduce the number of mole¬ 
cules below the effective precipitating concentration (assuming equal 
dissociation constants) much sooner in the case of hcmocyanin than 
with S III, an equivalent weight of which would contain some 500 
times as many molecules. 
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SUMMARY 

The assumption that, at the equivalence point in specific precipitin 
reactions, the antigen molecule is completely covered with a single 
layer of antibody-globulin molecules has been shown to account fairly 
well for the antibody-antigen ratios of some representative native 
single proteins, and the pneumococcus S III hapten. 
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Objectives 

Since the days of Pasteur it has been known that under anaerobic 
conditions microorganisms display special powers of attacking carbo¬ 
hydrate molecules. As a rule, however, such observations have been 
made on mass cultures with no knowledge of the actual number of 
cells concerned. In the ordinary routine bacteriological tests for 
fermentation, even the amount and type of gas produced is only 
conjectural since the changing reaction of the medium influences 
to an unknown degree its power to absorb gaseous substances and to 
diffuse them from its free surface into the atmosphere. Where this 
error has been avoided experiments have usually been conducted in 
closed vessels in the presence of accumulating waste products of 
metabolism which produce highly abnormal conditions. 

In other contributions from this laboratory (Walker and Winslow, 1932; 
Walker, Winslow, Huntington, and Mooney (1934)), data have been presented with 
regard to the metabolic activity of Escherichia coli in media continuously aerated 
with air which had previously been freed from ammonia and carbon dioxide. 
Simultaneous determinations of the population present made possible computa¬ 
tions of yield per cell per hour. Such a method of cultivation presents far more 
favorable conditions for the study of bacterial metabolism than the ordinary 
procedure of growing them in closed flasks, since it removes at least the volatile 
waste products of their life processes. It was found, in the first study cited, 
that the addition of lactose to a peptone water medium caused a marked decrease 
in the yield of ammonia (per cell per hour) but that the yield of carbon dioxide 
remained substantially unaffected. 


* This study was assisted by a grant from the Research Fund of the Yale School 
of Medicine. 
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In the second of the two papers cited we showed that the effect of glucose was 
the same as that of lactose. The addition of this sugar to the peptone water 
medium again showed a protein-sparing action; but the yield of carbon dioxide 
per cell was also reduced,—although much less so than the yield of ammonia. 
Thus, in a medium rendered highly aerobic by bubbling air through it, metabolic 
activity as measured by CO 2 production remains substantially unaffected by the 
addition of carbohydrates. 

The purpose of the present study was to obtain similar quantitative data for 
cultures maintained under anaerobic conditions by bubbling through the media 
nitrogen instead of air. 


Technique of Present Study 

The culture employed in all our work was the same strain of Escherichia coli 
used in previous studies. The media were peptone water (1 per cent Difco-Bacto 
peptone) and glucose peptone water (1 per cent Difco-Bacto peptone plus 0.5 
per cent Baker’s c.p. glucose). In our routine experiments, the bacteria, washed 
off from 12-18 hour agar slants were filtered through paper and added to the 
medium in Dreschel bottles to give an initial count of about 10 million organisms 
per cc. Duplicate inoculated bottles and a third uninoculated control were 
placed in a water bath at 37°C. The bottles were connected with the CO 2 - 
absorbent portion of the aeration train of Walker as modified by Walker, Wins¬ 
low, Huntington, and Mooney (1934). Instead of the air used in the earlier ex¬ 
periments, nitrogen gas was bubbled through the bottles for half an hour before 
inoculation and then for 6 hours after inoculation. The gas was delivered from 
a cylinder of nitrogen provided with a needle valve and on the culture inlet side 
of the train was placed as before a Milligan spiral gas-washing bottle filled with 
KOH for the absorption of CO 2 , and the other purification train units,—H 2 SO 4 , 
wash water, and indicator. 

Portions were withdrawn from the medium each hour for plating and for the 
determination of the carbon dioxide content of the medium by the use of the fine- 
bore blood gas apparatus of Van Slyke and Stadie (1921); while the carbon dioxide 
carried off in the gas train was quantitatively absorbed by a Brady-Meyer absorp¬ 
tion tube and controlled by a Bowen potash bulb,—^both containing Ba(OH) 2 . 
The methods of absorption and determination are described in another paper 
(Walker, Winslow, Huntington, and Mooney (1934)). The technique was in all 
respects the same as that employed in previous studies except for the replacement 
of air by nitrogen in the gas train and except for the fact that the experiments 
were continued for 6 hours instead of 4 or 5. 

RESULTS 

Our new results with the use of the nitrogen train are presented 
in Tables I and II. The figures for bacterial numbers and for cumula¬ 
tive yield of CO 2 are in all cases the average of eight different deter- 
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minations. The individual tests checked each other reasonably well, 
as indicated by the probable errors of the means in the table. For 
bacterial counts, the probable errors were generally about one-tenth 

TABLE I 


Growth and Carbon Dioxide Yield in Peptone Water through Which Nitrogen Was 

Continuously Bubbled 



Bacteria, millions per cc. 

COt yield 

Age 

Actual 

Log 

Increment 

Cumulative 

Rate i)er cell 
per hr. during 






previous interval 

hrs. 



1 , mg. per 100 cc. 

mg. per 100 cc. 

wg. X lOr-n 

0 

11.4 ± 1.2 





1 

10.4 ± 1.2 


0.40 ± 0.17 

0.40 

42 

2 

10.4 ± 0.8 


0.28 ± 0.07 

0.68 

27 

3 

18.8 ± 2.4 

1.274 

0.95 ± 0.16 

1.63 

68 

4 

28.8 ± 2.8 

1.459 

0.53 ± 0.22 

2.16 

22 

5 

32.3 ± 5.2 

1.509 

0.48 ± 0.18 

2.64 

15 

6 

38.3 ± 4.7 

1.583 

0.51 ± 0.08 

3.15 

15 


TABLE II 


Growth and Carbon Dioxide Yield in Glucose Peptone Water through Which Nitrogen 

Was Continuously Bubbled 



Bacteria, millions per cc. 


COj yield 


Age 

Actual 

Log 

Increment 

Cumulative 

total 

Rate per cell 
per hr. during 
previous interval 

krs. 

0 

11.7 =b 1.0 

1.068 

mg. per 100 cc. 

mg. per 100 cc. 

mg. X 

1 

11.1 =fc 1.2 

1,045 

0.47 ± 0.14 

0.47 

42 

2 

12.7 Zh 1.4 

1.104 

0.44 ± 0.21 

0.91 

36 

3 

30.5 db 6.3 

1,484 

2.04 ± 0.65 

2.95 

87 

4 

66.1 db 14.6 

1.820 

9.52 zb 2.18 

12.47 

211 

5 

142.4 ± 28.6 

2.153 

14.79 zb 1.13 

27.26 

188 

6 

151.7 ± 20.6 

2.181 

12.00 zb 1.71 

39.26 

94 


of the mean values and for CO 2 increments generally less than one- 
third the mean values. These variations do not affect the conclusions 
to be drawn. The yields per cell per hour in the last column were 
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obtained by the formula of Buchanan (1918) as employed by Walker 
and Winslow (1932). 

Inflttence of Air and of Sugar upon Growth 

The pertinent data with regard to bacterial multiplication are 
brought together for comparison in Table III and in Fig. 1. The 
columns headed “Air” are from the data obtained by Walker, Winslow, 
Huntington, and Mooney (1934) for cultures through which air was 
bubbled; the columns headed “Nitrogen” are from Tables I and II 
of the present paper. 


TABLE III 


Bacterial Growth in Peptone Water and Glucose Peptone Water through Which 
Either Air or Nitrogen Was Bubbled Continuously 




Bacteria, millions per cc» 


Age 

Air 

Nitrogen 


Peptone 

Glucose peptone 

Peptone 

Glucose peptone 

hrs, 

0 

15.9 

17.3 

11.4 

11.7 

1 

14.5 

17.1 

10.4 

11.1 

2 

22.9 

44.5 

10.4 

12.7 

3 

85.3 

172.0 

18.8 

30.5 

4 

236.0 

585.0 

28.8 

66.1 

5 

655.0 

861.0 

32.3 

142.4 

6 



38.3 

151.7 


It will be noted that the cultures grown in a peptone water medium 
through which nitrogen was bubbled showed a long lag period of 2 
hours and then a very slow rate of increase amounting during the 
period from the 2nd to the 5th hour only to a tripling of the bacterial 
population. Clearly, the organism studied is here markedly inhibited 
by anaerobic conditions. The addition of glucose to this medium 
(still with a continuous current of nitrogen) improved matters con¬ 
siderably. The lag period was again prolonged; but between the 
2nd and the 5th hours the population increased more than tenfold. 
The presence of a fermentable carbohydrate as one would expect 
makes the peptone medium more satisfactory for anaerobic cultivation. 

The media saturated with air instead of nitrogen are, however, far 
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more favorable. The lag period lasts only 1 to 2 hours; and the 
increase from the 2nd to the 5th hour is 20- to 30-fold. The peptone 
glucose medium is again more favorable than that containing peptone 
alone; but the difference is relatively slight. 



Fig. 1. Bacterial counts under various conditions. GP-A Glucose peptone 
medium through which air was bubbled. P-A Peptone water medium through 
which air was bubbled. GP-N Glucose peptone medium through which nitrogen 
was bubbled. P-N Peptone water medium through which nitrogen was hubhled. 


Influence of Air and of Sugar upon Metaholism 

Table TV and Fig. 2 present corresponding data for the )deld of 

COj computed per cell per hour. _ , 

It will be noted that the bacteria in the media saturated with air 
behave in essentially the same fashion whether glucose be present or 
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not. They show a sharp rise in the rate of CO 2 yield during the 2nd 
hour, followed by a steady fall. This is the phenomenon recorded 
in all our previous work. 

When the medium is saturated with nitrogen instead of air there is 
a very prolonged metabolic lag period, both in the presence and in the 
absence of sugar. The rate of CO 2 production decreases slightly, 
instead of increasing greatly, during the 2nd hour. During the 3rd 
hour, however, there is a slight increase. 

In the peptone medium, under these anaerobic conditions, the yield 
of CO 2 only reaches 68 mg. X 10““ per cell per hour during the 3rd 


TABLE IV 

Carbon Dioxide Yield in Peptone Water and Glucose Peptone Water through Which 
Either Air or Nitrogen Was Bubbled Continuously 


Age 

Rate per cell per hr. during previous interval 

Air 

Nitrogen 

Peptone 

Glucose peptone 

Peptone 

Glucose peptone 

hrs. 

mg, X 

mg. X 

mg. X JO-ii 

mg.XIO-ii 

1 

37 

43 

42 

42 

2 

123 

117 

27 

36 

3 

73 

63 

68 

87 

4 

50 

35 

22 

211 

5 

22 

16 

15 

188 

6 



15 

94 


hour (about one-half the value recorded for the maximum hour in 
the aerobic cultures) and then falls off. 

In the anaerobic medium containing glucose a fundamental change 
in metabolism sets in after the 3rd hour. The yield of carbon dioxide 
per cell per hour, instead of falling off as in the peptone medium, 
shoots up to the enormous value of 211 mg. X 10““ per cell per hour. 
Clearly, at this point true anaerobic decomposition of the carbohydrate 
is going on, at a rate nearly double the maximum recorded in any of 
our aerobic experiments. 

It has been pointed out in another communication (Walker, Win¬ 
slow, Huntington, and Mooney (1934)) that variations in metabolic 
yield per cell per hour may in part be accounted for by variations in 
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cell volume at different phases of the life cycle. This problem we are 
now studying. In the present instance, another possible factor sug¬ 
gested itself. Might the high yields of carbon dioxide per cell in the 

220 

200 

180 

I 60 

140 

a 

*2 120 
X 
8 

O 

2 100 

60 

60 

40 

20 

0 

Fig. 2. Yield of CO 2 per cell per hour. GP-A Glucose peptone medium 
through which air was bubbled. P-A Peptone water medium through which 
air was bubbled. GP-N Glucose peptone medium through which nitrogen was 
bubbled. P-N Peptone water medium through which nitrogen was bubbled. 

anaerobic peptone glucose medium be due to wholesale death of the 
bacteria and liberation of CO 2 from dead and dying cells which would 
not, of course, appear in the plate counts? This seemed inherently 
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unlikely; but the possibility was suggested in part by an apparent 
increase in culture turbidity adjudged from long experience to be in 
excess of the population growth as shown by plating. To determine 
whether such was the case, check determinations were made by direct 
microscopic counts, using the differential stain of Proca-Kayser 
(Kayser, 1912) which is designed to distinguish between living and 
dead cells. These control determinations checked closely with the 
plate counts and also showed an inappreciable number of dead cells 
to be present. 


CONCLUSIONS 

Escherichia coli has been cultivated in a peptone water medium 
saturated continuously with nitrogen by use of a gas train so as to 
produce anaerobic conditions. Under these circumstances growth 
was greatly inhibited. Cultures which originally contained 11 million 
bacteria per cc. showed on the average only 32 million after 5 hours 
(as compared with 655 million in similar cultures saturated with air). 

The metabolic activity of the cells in such a culture was greatly 
reduced by the anaerobic conditions. It actually fell off from- 42 mg. 
X 10~“ per cell per hour during the 1st hour to 27 mg. during the 
2nd hour and rose only to a maximum of 68 during the 3rd hour. 
Similar cultures saturated with air showed a rise from 37 mg. X 10““ 
during the 1st hour to 123 during the 2nd hour. 

The addition of glucose to the medium, under aerobic conditions, 
has been shown in previous studies to cause only a slight increase 
in bacterial numbers (861 instead of 655 million after the 5th hour). 
In the cultures aerated with nitrogen, the addition of glucose has no 
effect during the first hours. There is again a long lag period and a 
reduced metabolic rate. After the 2nd hour, however, a wholly 
different phenomenon manifests itself. The bacterial population 
increases more rapidly than in the anaerobic peptone medium (reach¬ 
ing a maximum of 142 million after 5 hours). This growth is accom¬ 
panied by an enormous increase in the rate of COj yield, which reaches 
211 mg. X 10““ per cell per hour during the 4th hour (nearly double 
the maximum values recorded under aerobic conditions). The same 
phenomenon is, of course, illustrated by the enormous )deld of CO* 
produced by the action of fermenting organisms in carbohydrate 



THE CRYOSCOPIC METHOD FOR THE DETERMINATION 
OF “BOUND WATER”* 
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(Accepted for publication, August 24, 1933) 


In 1922 Newton and Gortner (1) put forward the hypothesis that 
at least a portion of the water associated with the hydrophilic colloids 
in plant tissues was in a “bound” form, in which form it exhibited 
physicochemical properties which would serve to differentiate it from 
the “free” water of the vacuolar sap. It was suggested that bound 
water might be unavailable for the solution of sucrose and accord¬ 
ingly a method for the estimation of such bound water was proposed 
which consisted essentially in first determining the freezing point of 
the solution which contained the hydrophilic colloid and denoting 
this value as A. An amount of the sol was then taken which con¬ 
tained exactly 10 gm. of total water. To this portion there was 
added 0.01 mole of sucrose and a second depression of the freezing 
point, designated Aa, was determined. If aU of the 10 gm. of water 
were free to dissolve sucrose Aa should differ from A by the freezing 
point depression of a molar solution of sucrose which according to 
Satchard (2) should be 2.085®, corresponding to a gram molecule of 
sucrose-hexahydrate dissolved in 892 gm. of water. 

The formula which Newton and Gortner proposed 


percentage of bound water 


Ao — (A -b Kw) 
Aa — A 


X 89.2 


( 1 ) 


was tested by them on aqueous solutions of gum acacia and on certain 
plant saps and appreciable amounts of bound vnater were apparently 
demonstrated to be present. 

This method has been extensively used by numerous plant phys¬ 
iologists—especially Newton and his coworkers (3-6)—and has 

* Paper No. 1207, Journal Series, Minnesota Agricultural Experiment Station. 
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apparently given valuable information as to the physiological response 
of plants, especially in problems concerned with winter hardiness and 
drought resistance. 

Bound water appeared to be more or less generally accepted as a 
physiological factor and the ciyoscopic method as an approximate' 
measure of its intensity. However, Grollman (7) has recently chal¬ 
lenged the conception of bound water and the correctness of the for¬ 
mula proposed by Newton and Gortner (1). 

Grollman suggests that Formula (1) does not provide for the con¬ 
centration of electrolytes and other true solutes which are initially 
present in the biological fluids and that if sucrose forms a hexahydrate 
these solutes must be concentrated in the remaining water, thus form¬ 
ing a more concentrated solution which will freeze below the A as origi¬ 
nally determined on the sap. He accordingly proposes the formula 

1000 

^ 

892 

percentage of bound water = ---- X 89.2 (2) 


as a measure of bound water, and adds: 

“This modification of Newton and Gortner’s method of calculation will markedly 
affect results quoted by these authors in which A is appreciable compared to Aa 
and Km as is the case in practically all of the substances studied by these authors 
with the exception of gum acacia. In the latter case, the correction is compara¬ 
tively slight. 

“Newton and Gortner^s results by the above method, as applied to the juices of 
the wheat plant {TrUicum vulgare) led these authors to conclude that winter 
hardiness in such plants is related to the amount of bound water present in different 
varieties. If one corrects their results by the use of the modified formula described 
above, one finds very little evidence to substantiate this theory. Thus in the case 
of Triticum vidgare var. super^ in which 4.4 per cent of the water was found to be 
bound, recalculation shows the results to indicate that all the water is actually 
free. Recalculation of the results for a second species of the same plant shows 
—3.6 per cent of the total water to be bound (an obviously impossible result) instead 


1 “Approximate” only, since the method must yield minimum values as the 
assumptions are made (a) that bound water does not “dissolve” sucrose, i.f. 
water is adsorbed but no sucrose is adsorbed, and (5) that a molar solution of 
sucrose in water does not shift the bound free water equilibrium. 
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media recorded by Anderson (1924) and other students of the obligate 
anaerobes. We have here, however, a somewhat striking illustration 
of the distinct type of metabolic activity manifested by a facultative 
organism under anaerobic conditions in the presence of sugar measured 
on a cell-per-hour basis. This is a quantitative illustration of the 
“life without air” described by Pasteur. 
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CRYSTALLINE PEPSIN 


VI. Inactivation by Beta and Gamma Rays from Radium and 
BY Ultra-Violet Light 
By JOHN H. NORTHROP 

{From the Laboratories of The Rockefeller Institute for Medical Research, 
Princeton, N. J.) 

(Accepted for publication, September 28, 1933) 

Previous work (1) has shown that when solutions of crystalline 
pepsin are inactivated by alkali or by heat the loss in activity is 
exactly proportional to the loss of native protein. These experiments 
confirm the idea, therefore, that the native protein molecule is the 
active enzyme. Proteins are denatured (2) by exposure to radium 
or to ultra-violet light and it is also known that pepsin solutions (3) 
are inactivated under these conditions. Inactivation of the enzyme 
by radium or ultra-violet light, therefore, furnishes another method 
of testing the relationship between the protein and the active molecule. 
If the protein molecule itself is responsible for the activity then any 
loss in activity must be accompanied by a corresponding decrease 
in the protein. On the other hand, if a hypothetical, active molecule 
is merely associated with the native protein there is no reason to 
suppose that the rate of inactivation of the active molecule would be 
the same as the rate of denaturation of the protein. The inactivation 
of pepsin solutions has been studied from this point of view and it 
has been found that the loss in activity is just proportional to the 
loss in native protein when the enzyme is inactivated either by radium 
or by ultra-violet light. These results, therefore, furnish additional 
evidence in favor of the idea that the protein molecule itself is re¬ 
sponsible for the activity. 

EXPERIMENTAL RESULTS 

I. Decrease in Activity of Protein Nitrogen of Pepsin Solutions Exposed 
to Radium Bromide at pH 5.0 and (PC. 

The results of an experiment in which pepsin solutions of various 
concentrations were exposed to the radiation of 100 mg. of radium 
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bromide at O^C. are shown in Table I. The decrease in activity, as 
determined by the hemoglobin method, is just proportional to the 


TABLE I 


Changes in Aclivily and Protein Nitrogen of Pepsin Solutions Exposed to Radium 

Bromide, pH 5.0, 0°C. 



decrease in the protein nitrogen of the solution as shown by the fact 
that the activity per mg. protein nitrogen remains constant. No 
denatured protein appears in the solution although it is probable 
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that the first step in the reaction is the formation of denatured protein. 
The rate of denaturation under these conditions, however, is extremely 
slow and the denatured protein, if present, would undoubtedly be 
digested by the remaining active native protein as rapidly as it was 
formed and so does not accumulate in the solution. 

Effect of the Concentration of Pepsin 

Below about 0.05 mg. nitrogen p>er ml. the per cent inactivated is 
nearly constant, while in more concentrated solutions the actual 
quantity inactivated is approximately constant. Similar results were 
obtained by Hussey and Thompson (3). They indicate that, under 
the conditions of the experiment most of the energy is absorbed by 
0.05 mg. nitrogen per ml. so that increasing the concentration beyond 
this point does not have much effect upon the number of protein 
molecules inactivated. 


Experimental Procedure 

A solution of three times crystallized pepsin was prepared in pH 5.0 n/20 acetate 
buffer and diluted to the concentrations noted in the table with n/20 acetate 
buffer. 25 ml. of this solution was placed in a 1.5 cm. centrifuge tube and a glass 
tube (with 0.5 mm. walls) containing 100 mg. of radium bromide suspended in 
the center of the solution. The tube was kept in the ice box at O^C. and 1 ml. 
samples removed and analyzed for protein nitrogen and activity as noted in the 
table. 

Activity Determinations. —^The activity determinations were made with hemo¬ 
globin by the method of Anson and Mirsky(4). 

Protein Nitrogen Determination. —1 ml. of solution added to 5 ml. of 5 per cent 
boiling trichloracetic acid, the precipitate centrifuged and washed three times 
with 5 per cent trichloracetic acid, and total nitrogen in the precipitate determined. 

Test for Denatured Protein. —1 ml. of solution added to 10 ml. of n/2 sodium 
sulfate and n/20 sulfuric acid. Any denatured protein precipitates under these 
conditions and some of the samples which had been almost completely inactivated 
gave a slight cloud. The amount of denatured protein was, however, too small 
to determine. 

II. Inactivation by Ultra-Violet Light 

A. Changes in Protein Nitrogen and Activity of Pepsin Solutions at 
Various pH Exposed to Ultra-Violet Light 

The results of an experiment in which pepsin solutions at various 
pH were exposed to light from a mercury arc are shown in Table II. 
As in the case of radium inactivation practically no denatured protein 
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TABLE n 


Change in Activity and Protein Nitrogen in Pepsin Solutions of Various pH Exposed 

to Ultra-Violet Light 



Houm 

Fig. 1. Inactivation of pepsin by ultra-violet light at different pH 


appears in the solution and the loss in activity is accompanied by a 
corresponding decrease in the total protein nitrogen of the solution; 
i.e., the activity per mg. protein nitrogen remains constant throughout 
the experiment. The rate of inactivation depends upon the pH and 
is a maximum at about pH 2.0 and decreases as the pH becomes more 
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alkaline. The pH corresponding to the maximum rate of inactivation 
agrees with that found by Collier and Wasteneys (5) and is slightly 
less acid than that reported by Pincussen and Vehara (3). The 
reaction follows approximately a monomolecular course, as shown in 
Fig. 1, in which the log of the activity is plotted against the time 
in hours. 

Experimental Procedure 

A solution of three times crystallized pepsin was prepared in n/20 pH 4.65 
acetate. It contained 2.5 mg. protein nitrogen per ml. 1 ml. of this solution 
was diluted with 25 ml. of the buffer noted in the table and the pH determined. 
25 ml. of the solution was placed in 1 cm. quartz test-tubes arranged in a semi¬ 
circle around a General Electric ‘‘Lab-Arc” at a distance of 8.5 cm. from the arc. 
The lamp was operated on 110 volts A.c. and 1.8 amperes and was allowed to run 
1 hour before the experiment was started. The activity and protein nitrogen 
were determined, as described for the radium experiments, except that with very 
dilute p)epsin solutions it was necessary to use 5 ml. for the protein nitrogen 
determination. Control tubes containing 25 ml. of the solution in glass test-tubes 
were placed beside the quartz tubes. There was no change in activity or protein 
nitrogen in the solution in the glass tubes showing that the inactivation was due 
entirely to ultra-violet light. The temperature of the solutions was 15°C. The 
positions of the quartz tubes were interchanged at intervals of about 20 minutes 
so that any local variations in the light intensity were distributed. Special control 
experiments showed that the rate of inactivation was the same in the various 
tubes. 

The analytical work was done by Mr. Nicholas Wuest. 

SUMMARY 

1. The loss in activity of crystalline pepsin solutions when exposed 
to beta and gamma rays from radium or to ultra-violet light is accom¬ 
panied by a corresponding decrease in pepsin protein. 

2. The rate of inactivation by ultra-violet light depends upon the 
pH and is a maximum at about pH 2.0. 
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MOLECULAR WEIGHT, MOLECULAR VOLUME, AND 
HYDRATION OF PROTEINS IN SOLUTION 


By M. KUNITZ, M. L. ANSON, and JOHN H. NORTHROP 

(From the Laboratories of The Rockefeller Institute for Medical Research, Princeton, 

N. J.) 

(Accepted for publication, October 13,1933) 

The gram molecular weight and volume of a dissolved substance may 
be calculated from the osmotic pressure of the solution. Osmotic pres¬ 
sure is affected only slightly by hydration and so furnishes no precise 
information as to the size of the hydrated molecule as it exists in a 
solution. The radius of the hydrated molecule in solution, and hence 
the gram molecular volume of the hydrated solute, may be determined 
from diffusion measurements. The difference between this figure and 
the gram molecular volume, as found by osmotic pressure, therefore 
represents the amount of hydration. The hydration may also be cal¬ 
culated from viscosity measurements. These two independent methods 
for the estimation of hydration give essentially the same values for the 
hydration of crystalline hemoglobin and crystalline trypsin. 

Molecular Weight from Osmotic Pressure 

The gram molecular weight of a substance in solution may be 
defined as that quantity of dry substance which, when dissolved in 1 
liter of solvent, gives rise to an osmotic pressure of 22.4 atmospheres 
at 0°C. If the osmotic pressure of a solution is known, therefore, its 
molar concentration may be calculated. Since there are 6.06 X 10** 
molecules in a gram molecule the average weight of the individual 
molecules may be found if the weight concentration of the solution 
is also known. This figure represents the average dry weight of the 
individual molecules of solute for which the membrane is impermeable 
but furnishes no definite information as to their size. Solvation 
of the molecules increases their size but does not change the number 
of molecules and affects the osmotic pressure only by decreasing the 
quantity of free solvent. This decrease in the quantity of free solvent 
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is not noticeable experimentally except in concentrated solutions 
or when the solvation is large. 

Calculations of the molecular weight from osmotic pressure deter¬ 
minations involve the following assumptions:* 

1. The system is at equilibrium. 

2. The membrane is permeable to the solvent but impermeable 
to the solute in question. 

3. The osmotic pressure is proportional to the concentration (van’t 
Hoff’s law). 

4. The molecules of solute are all of the same size. 

In the case of collodion membranes and aqueous solutions of pro¬ 
teins the first three conditions are fulfilled but the fourth may or 
may not be true. The protein molecules themselves may vary in 
size and in addition they may be combined with small ions or molecules 
which are thus prevented from free diffusion through the membrane, 
as in the Donnan equilibrium. In this case the osmotic pressure is 
due to both the protein molecules and the excess concentration of 
inorganic ions and the value calculated for the molecular weight 
represents the average of these various molecular species present. 
The complication due to Donnan equilibrium may be avoided experi¬ 
mentally by measurements made at the isoelectric point of the protein. 
The effect of neutral salts also furnishes a test for the presence of such 
Donnan pressures. 

Radius of Molecules from Diffusion Measurements 

The radius of the molecule determines the rate of diffusion in 
accordance with Einstein’s equation (1) 

z> = /LZ’-i- 

N tinrri 

R == gas constant 
T = absolute temperature 
N - Avogadro’s number 6.06 X 10^^ 
ij = viscosity of solvent 
r = radius of molecule 
molecular volume = 4/3 ir r^N 


1 For a discussion of the osmotic pressure of hemoglobin solutions see Adair, 
G. S., Proc, Roy, Soc, London, Series A, 1928, 120, 573. 
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Thus, if the diffusion coefficient of the solute is known the radius 
of the molecules and hence the gram molecular volume may be cal¬ 
culated. This value for the radius represents the radius of the particle 
which actually moves in the solution and therefore includes any solvent 
carried with the molecule. The following assumptions are involved 
in Einstein’s equation; 

1. The diffusing particles are few and large compared to the mole¬ 
cules of the solvent. 

2. They are spherical. 

3. They are electrically neutral. 

4. They are impelled by a force equal to the osmotic pressure as 
given by van’t Hoff’s law against a resistance as given by Stokes’ law. 

As in the case of osmotic pressure the effect of ionization is the most 
important source of error with protein solutions. The presence of 
charged molecules may again be tested for by determining the effect 
of neutral salts and of the pH. If the molecules are not of the same 
size a constant value for the diffusion coefficient will not be obtained 
but the value will decrease as the experiment proceeds since the smaller 
particles will diffuse out faster. It is important, therefore, to continue 
the experiment until a large proportion of the solvent has diffused out; 
or better, to repeat the measurement on the first p)art of the diffusate, 
in order to be sure that the diffusion coefficient is actually the same for 
all of the solute. Otherwise entirely erroneous values may be ob¬ 
tained. The determination may be made conveniently and accu¬ 
rately as described by Northrop and Anson (2). 

Calculation of Hydration from Osmotic Pressure and Diffusion 

Measurements 

If the osmotic pressure and the diffusion coefficient of a solution 
are known, then the degree of hydration of the molecules of the solute 
can be determined as follows: 

Let M be the gram molecular weight of the dissolved substance as determined 

• • from osmotic pressure measurements, 

f the average radius of the molecules as determined from diffusion 
measurements, 

S the specific volume of the dry substance, 

then the gram molecular volume of hydrated molecules equals 4/3 ir r*N 
and the gram molecular volume of non-hydrated molecules equals 5" M. 
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Volume of water of hydration (if water is used as solvent) equals 

4/3 »T*iV - <S M 

and 

4/3 rf*N - S M 
M 

equals volume of water of hydration per gram of dry solute, or 

4/3 irr»JV - SM 
N 

equals volume of water of hydration per molecule solute. 

Determination of Hydration from Viscosity Measurements 

An independent method for the determination of the amount of 
hydration of substance in solution is the measurement of viscosity (3). 
This method applies to the case of molecules or particles large as 
compared with the size of the molecules of the solvent and consists in 
determining the relative viscosity of the solution as compared with 
the viscosity of the solvent. The volume of the solute may be cal¬ 
culated by aid of the empirical formula 

1 -H 05 

” “ (1 - ip 

where ij equals the relative viscosity of solution and 0 equals the 
volume of solute expressed as the fraction of the total volume of the 
solution. The formula was found to hold well for a large number of 
solutions or dispersions of molecules of relatively large size. 

The two methods of determining the degree of hydration were used 
here in the case of such substances as hemoglobin and crystalline 
trypsin, and the results show that there is quite a close agreement 
between the two methods. 

The results are summarized in the following table: 



Molecular 

Average radius of 

Water of hydration per gm. dry wt. 


weight 

hydrated molecule 

Osmotic pressure 
diffusion method 


Hemoglobin. 


2.73* X 10-^ 

cm.^ 

0 to 0.14 

cm.* 

0.13t 

Isoelectric gelatin. 



(5.8) 

5.9 

Crystalline trypsin. 


2.6 X 10-» 

0.54 

0.49 
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Techniqtte.—Osmotic pressure, Northrop and Kunitz (4), Adair (S); diffusion, 
Northrop and Anson (2). 

* Svedberg, T. (Colloid chemistry, American Chemical Society Monographs, 
New York, The Chemical Catalog Co., 2nd edition, 1928,165) obtains a value of 
0.0342 cm.*/day corresponding to a molecular radius of 3.35 X10“^ cm. Svedberg’s 
measurements were made while the molecules were moving under the influence of 
centrifugal force and the difference in the value may be due to the fact that the 
molecules are not spherical. In this case they might be oriented in a gravita¬ 
tional field and would, therefore, move through the liquid at a rate different from 
that determined by diffusion alone. 

t Adair and Robinson (J. Physiol., 1931, 72, 28) obtained a value of 0.2 ml. 
water per gm. hemoglobin from measurements of the water absorbed by the dry 
protein from ammonia sulfate solutions. 

EXPERIMENTAL 

Hemoglobin 

Osmotic Pressure .—Measurements of Adair (5). 

Diffusion .—Northrop and Anson (2). 

Viscosity .—Measurements were made of the viscosity at 5°C. of 
various concentrations of CO-hemoglobin in m/20 phosphate buffer 
pH 6.8 using an Ostwald viscosimeter; specific volume of dry hemoglo¬ 
bin equals 0.75. 

The data given in Table I show that the hydration of hemoglobin 
under the conditions of the experiment decreases with the dilution 
and is about 0.1 ml. per gm. of hemoglobin at concentrations below 
2 per cent. The diffusion experiments of Northrop and Anson were 
done under the same conditions of hemoglobin in the range of 1-2.5 
per cent. The experiments of Northrop and Anson show that at 
5°C. the diffusion coefficient for 2.5 per cent hemoglobin in n/20 
phosphate buffer pH 6.8 is between 0.0434 and 0.0401 cm.*/day. 
The calculated radius of the molecules is between 2.65 X 10“^ and 
2.86 X 10“^ Hence 4/37 it*A equals between 47,300 cm.* and 59,500 
cm.* From osmotic pressure measurements (Adair) S M = 67,000 
X 0.75 = 50,000. 

Volume of water of hydration per mole = between 0 and 9,500cm.’ 

« “ « “ « « gram = “ 0 “ 0.14 cm.’ 

Thus it is seen that in the case of hemoglobin the amount of water of 
hydration per gram of protein, as obtained by viscosity measurements, 
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is SO small as to be within the experimental error of the diffusion 
measurements. 


CrystaUine Trypsin 

Osmotic Pressure Measuretnenis. —^Northrop and Kunitz (6). 
Diffusion Measurements. —Scherp (7). 

Viscosity. —Viscosity measurements of solutions of crystalline 
trypsin were made under conditions similar to those employed in the 
determination of the molecular weight of crystalline trypsin by means 


TABLE I 

Viscosity Measurements of CO-Hemoglobin, pH 6.8 at 5°C. 


Concentration 
of protein 

Relative 
density at S^C. 

Relative 

viscosity* 

Calculated 
volume of solute 
in cm.VlOO cm.* 
solution 

Specific volume 
per 

gm. protein 

Volume of 
water of hydra¬ 
tion per gm. 
hemoglobin 

gmJlOO ml. 
stluHon 

2.10 

4.20 

6.30 

8.36 

10.45 


1.084 

1.175 

1.290 

1.445 

1.610 

1.85 

3.65 

5.60 

7.90 

10.15 

cm,* 

0.88 

0.87 

0.89 

0.95 

0.97 

cm.* 

0.13 

0.12 

0.14 

0.20 . 
0.22 


* These values are much lower than those reported by Lewis and Loughlin 
{Biochem. J., London, 1932,26, 480) and give rise to correspondingly lower values 
for the hydration. This difference is not due to the salt present since repetition 
of the measurements with salt-free hemoglobin solution gave practically the same 
figures for the viscosity of the solution as found for hemoglobin solution in h/2 
phosphate buffer. 

of osmotic pressure measurements, as well as in the determination 
of the diffusion coefficient of crystalline trypsin as carried out by Dr. 
Scherp in this laboratory. 

The procedure was as follows. A solution of crystalline tiypsin 
in m/10 acetate buffer pH 4.0 was made salt-free by dialysis in the 
cold room against n/10,000 hydrochloric acid. The dialyzed trypsin 
was then diluted with equal volume of saturated magnesium sulfate 
in m/10 acetate buffer pH 4.0 and dialyzed against a definite volume 
of trypsin-free 0.5 saturated magnesium sulfate in m/10 acetate buffer 
pH 4.0 until equilibrium was established as indicated by the reading 
of a manometer tube inserted in the collodion bag containing the 
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trypsin solution. The outside solution was found to be free of any 
trypsin. A series of dilutions was then made of the trypsin solution 
by means of the outside magnesium sulfate solution and viscosity 
measurements were made at 5®C. The results are shown in Table II. 
The specific volume of dry trypsin was taken as 0.75 ml./gm. which 
was found to be common for proteins of the albumin type. The 
average value of the water of hydration of crystalline trypsin when 
dissolved in 0.5 saturated magnesium sulfate pH 4.0 was thus found 
by the viscosity measurements to be 0.5 ml. per gm. dry protein. 


TABLE II 

Viscosity at 5°C. of Various Concentrations of Crystalline Trypsin in 0.5 Saturated 
Magnesium Sulfate and M/10 Acetate Buffer pH 4.0 


Concentration 
of trypsin 

Time of 
outflow 

Relative 

viscosity 

Calculated 
volume of 
hydrated trypsin 
in cm.VlOO cm.s 
solution 

Volume of 
hydrated trypTsin 
per gm. dry 
trypsin 

Water of 
hydration per 
gm. dry 
trypsin 

gm./iOO ml. 

sec. 



c«.* 

cm.* 

0 

203.4 

1.000 

0 



0,8 

212.6 

1.045 

1.00 

mSSM 

0.50 

1,6 

221.5 

1.089 

2.00 


0.50 

2.4 

231.0 

1.135 

2.90 

1.21 

0.44 

3.2 

241.4 

1.187 

3.90 

1.22 

0.47 

4.0 

257.0 

1.265 

5.15 

1.29 

0.54 

Average. 

0.49 




The radius of hydrated trypsin molecules under the same condi¬ 
tions, as determined by Scherp from diffusion measurements, was 
found to be 2.6 X 10~’ cm. The volume of one mole of hydrated 
trypsin is therefore 

(2.6 X X 4/3 *• X 6.06 X 10“ = 44,700 cm.* 

The molecular weight of the trypsin in solution imder the same condi¬ 
tions was found by osmotic pressure measurements to be about 35,(X)0 
gm. The molecular volume of the non-hydrated trypsin equak 
26,(X)0 cm.* Hence, water of hydration per mole of trypsin equals 
19,(X)0 cm.* Water of hydration per gram dry trypsin equals 
19,(XX)/35,(K)0 equals 0.54 cm.*/gm. Thus, the value for hydration 
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of trypsin, as determined by diffusion experiments in connection with 
osmotic pressure measurements checks quite closely with the value 
obtained by viscosity measurements. This agreement serves as a 
check for the viscosity formula and justified the application of 
Einstein’s diffusion formula to protein solutions. 

Gelatin 

The hydration of gelatin, as calculated from osmotic pressure 
and from viscosity measurements, has been described in a previous 
paper (8). The value of the hydration so obtained was 6 cm.* water 
per gram dry gelatin in 3 to 5 per cent solutions. 

Diffusion measurements were made with gelatin solutions in order 
to see whether the hydration, as determined by this method in connec¬ 
tion with the osmotic pressure measurements, agrees with that calcu¬ 
lated from viscosity. If a 5 per cent solution of gelatin pH 4.7 in 
m/ 1000 acetate buffer was allowed to diffuse, a constant value for the 
diffusion coefficient of 0.05 cm.Vday was obtained. However, if the 
first diffusate was replaced in the cell and the experiment repeated, 
a much larger value for the diffusion coefficient was found. Gelatin 
solutions, therefore, as was to be expected, are not homogeneous 
but the relative size of the particles or their relative amount, do not 
differ sufficiently to cause a noticeable drift in the diffusion coefficient 
as determined from any one experiment. Trial calculations show 
that a mixture containing 30 per cent of particles of radius 2 and 
70 per cent of particles of radius 1 will diffuse in such a way as to 
give a value for the diffusion coefficient, as calculated from the total 
amount diffused, which does not vary over 10 per cent until more than 
75 per cent of the total original quantity has diffused out. Such a 
mixture, however, would give an entirely different value for the 
diffusion coefficient if the measurements were repeated on the diffusate. 
This is the result obtained with the gelatin. The results are com¬ 
plicated in addition by the fact that some hydrolysis of the gelatin 
occurs during the experiment. 

Since the value of the diffusion coefficient has no physical sig¬ 
nificance unless the diffusing particles are of nearly uniform size, 
the results with gelatin are of doubtful significance. 



M. KUNITZ, M. L. ANSON, AND J. H. NORTHROP 


373 


SUMMARY 

1. The gram molecular weight of a substance may be calculated 
from*the osmotic pressure of its solution. 

2. The radius of the hydrated molecule and, hence, the gram mo¬ 
lecular volume of the hydrated solute may be determined from diffu¬ 
sion measurements. The hydration of the molecules may, therefore, 
be calculated from osmotic pressure and diffusion measurements. 

3. Hydration may also be determined by viscosity measurements. 
Hydration of crystalline hemoglobin, crystalline trypsin, and gelatin 
have been determined by these methods and found to be as follows: 



Molecular 

Average radius of 

Water of hydration per gm. dry wt. 


weight 

hydrated molecule 

Osmotic pressure 
diffusion method 

Viscosity 

method 

Hemoglobin. 

67,000 

2.73 X 10-^ 

cm.^ 

0 to 0.14 

cm.* 

0.13 

Isoelectric gelatin. 

61,500 

(5.4 X 10-n 

(5.8) 

5.9 

Crystalline trypsin. 

35,000 

2.6 X 10“» 

0..S4 

0.49 


The results with gelatin calculated from the diffusion measurements are uncer¬ 
tain since gelatin solutions are not homogeneous. 
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A NOTE ON THE RESPIRATION OF ARBACIA EGGS* 

By R. W. GERARD and B. B. RUBINSTEIN 
(From The Marine Biological Laboratory, Woods Hole) 

(Accepted for publication, October 23, 1933) 

Tang (2), with Gerard (4), measured the respiration of resting and 
fertilized eggs of Arbacia puncltdala incidental to a study of the influ¬ 
ence of oxygen tension on respiration. Absolute values in cubic 
millimeters of oxygen per million eggs per hour were reported. For 
one season the average for unfertilized eggs was 33.6 at 24.7°C., and 
a few runs with fertilized eggs gave figures five times as high. Next 
season the average for freshly fertilized eggs was 118 at 25°C., and 
a few experiments with unfertilized ones gave again one-fifth the 
respiration, or 23.5. The eggs of the first season, however, averaged 
77 micra in diameter and possessed, therefore, almost 25 per cent 
more volume than those of the second season, with a diameter of 72 
micra on the average. Expressed per unit volume of eggs, therefore, 
the data for the two seasons’ experiments are less than 15 per cent 
apart. 

Whitaker (5) has measured again the respiration of this egg and 
obtained absolute values per unit volume only one-third to one-half 
as great as those we reported. His results fitted data for the respira¬ 
tion of other related or unrelated eggs, obtained by himself and others, 
better than did ours, and our procedures and findings were adversely 
criticized (6). It seemed desirable to clear up, if possible, the dis¬ 
crepancy and establish the correct value; the more so since this 
datum is becoming of some theoretical importance for recent respira¬ 
tion studies (e.g. (1) and (6)). 

We have therefore repeated the measurements with careful control 
of all points of difference in the conditions of our respective experi¬ 
ments, though most of these had been previously considered. Since 

* Aided in part by a grant from the Rockefeller Foundation to the University 
of Chicago. 
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all agree that fertilization gives about a fivefold increase in respiration, 
and the findings on resting eggs have been especially questioned, 
the present experiments have been limited to the latter. 

There are four major differences to be considered: preparation 
of the egg suspension; temperature used; conditions during the run 
in the manometers; measurement of amount of material used. 

Our preparation involved: opening the female urchins, placing the ovaries in 
sea water, straining the thick suspension of eggs through cheese-cloth, and using 
as such or after two washings with sea water by gentle hand centrifuging. Whit¬ 
aker allowed eggs to shed through the gonopores of inverted half shells and washed 
by decantation only. lie believed our eggs suffered cortical damage during 
preparation, with consequent abnormally high respiration. In the present work, 
we performed two series of tests in which alternate urchins in succession were 
handled by one or the other method, the two groups collected, and respiration 
measured. There was no difference. Dr. A. J. Goldforb has kindly permitted 
us to mention unpublished experiments of similar import. Fertilization, cyto- 
logical changes, development, and permeability of eggs shed by one female through 
the gonopores was the same as that of eggs shed from an isolated ovary of the 
same animal. Likewise he found filtration through cheese-cloth without effect.^ 
We have none the less used Whitaker^s procedure in the present work. In a few 
cases, only the Aristotle’s lantern was removed and the eggs allowed to shed with 
a minimum of contamination by body fluids or debris. Further, filtered sea 
water was used for collecting and washing the shed eggs. 

Our experiments were performed at 24.7° or 25°C., Whitaker’s at 21°C. For 
comparing values he corrected our results to 21°, assuming a temperature co¬ 
efficient of 2.0. As reported in a paper soon to be published, this value is ap¬ 
proximately correct only for fertilized eggs, that of resting eggs is over 4. The 
temperature correction Whitaker applied was, therefore, too low. We shall 
return to this later. 

The most serious discrepancy, Whitaker believed, resulted from 
the treatment in the manometers for measuring oxygen consumption. 
Since the chambers containing the respiring egg suspension have 
liquid and gas phases and oxygen diffusion is slow, continued agitation 

^ Goldforb has also observed a progressive increase in the respiration of un¬ 
fertilized eggs on standing, beginning some 5 hours after shedding. Our runs 
have mostly terminated about this time, but we have noted in many longer runs 
a slight tendency to increased respiration at the end. We would also like to note, 
for later comparison, that he was not able to obtain constant volume determina¬ 
tions by centrifuging, nor were we. 
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is needed to maintain the oxygen content of the liquid. This is 
achieved by a rhythmic to-and-fro motion of the manometer and, 
if inadequate, the measured respiration will be less than the true 
value. The other danger is that this shaking, if too vigorous, will 
damage the delicate egg cortex, even to the extent of cytolysis, and 
so produce artificially high oxygen consumptions. It is into this 
latter error, Whitaker concludes, that we fell. Though our actual 
shaking conditions were specified only for the fertilized eggs, the 


TABLE I 


1 cc. unfertilized Arbacia eggs (477,000). 0.2 cc. N NaOII in inset. 21 C. 
Start = 94 per cent fertilization, end = 95 per cent fertilization. Manometer 
constants all about 0.8. _ 





Change in level 


Shaking 

Time 





1 

2 

3 

4 




min. 

mm. 

mm. 

mm. 

mm. 

dLQ/min ^ rm nrr . 

0-20 

2.3 

2.7 

2.5 

2.7 


20-40 

2.2 

2.2 

2.2 

2.1 


40-60 

2.6 

2.3 

2.3 

2.8 

On 1 hr . 


12.1 

13.8 

13.6 

13.0 


60-120 

7.6 

7.6 

6.9 

7.7 

QOi 2 hrs. 


ia.7 ' 

13.0 

13.3 

13.2 

79 /min S S f*m . 

120-150 

4.1 

3.6 

3.5 

3.6 


150-180 

4.2 

4.0 

4.0 

4.4 

On. 1 hr . 


14.2 

13.4 

14.6 

13.8 


180-300 

14.9 

14.2 

13.3 

14.3 

Co, 3 hrs. 


14.3 

14.0 

14.7 

14.0 


questions of oxygen penetration and egg injury were fully considere . 
Our fluid layer was less than 2 mm. deep, Whitaker’s 3.5 or 7, and 
the required agitation is, of course, much less with thinner layers. 
In fact, in the unfertilized egg experiments, shaking rates varie 
from 40 to 60 per minute over arcs of 5 to 10 cm. with no regular 
differences in results. After a run, the eggs were fertilized and 
regularly showed over 90 per cent normal cleavage. The rates on 
fertilized controls were also increased five times, which is cu 
to reconcile with an initially high respiration of the unfertilized e^s 
due to injury. In the present work we have used even less shakmg 
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than recommended by Whitaker (50 per minute, 5.5 cm. arc), except 
for deliberate tests at higher rates. The protocol of such an experi¬ 
ment is given in Table I, and shows a minimal effect (not progressive 
with duration) with the fastest speed our shaker attains. Also, after 
several hours of fast shaking the same high fertilization (95 per cent) 
was obtained as at the start. 

The measurement of egg quantity used is not a simple matter. 
Whitaker centrifuged his suspensions to constant egg volume in 
vaccine tubes (15 minutes, force not given) and, though realizing 
the possibility of errors due to imperfect packing, assumed these 
were small. He mentions no attempt to check this point. We 
counted the eggs in our suspensions with a hemocytometer and 
measured diameters with an ocular micrometer, from which data 
egg volumes per cubic centimeter of suspension are easily obtained. 
(In recalculating our data, Whitaker overlooked the given diameters 
and assumed a constant one of 74 micra which resulted in considerable 
discrepancies.) We had previously found centrifugation unsatis¬ 
factory in rough tests; now we have carefully compared both methods. 

The measurement of egg diameters presents little difficulty. In good batches 
the majority of cells appear round and vary less than 10 per cent in individual 
measurements. Two observers, measuring different egg samples from the same 
suspension, regularly checked within 1.5 per cent. A typical result on fifteen 
eggs was: R.W.G.: 74.2 micra ± 0.3; B.B.R.: 73.8 ± 0.4. To the extent that 
eggs are slightly oblate and tend to settle on the flatter side, the egg volume 
calculated from the measured diameter will be high, and the rate of respiration 
calculated per unit volume correspondingly too low. This factor could hardly 
amount to 10 per cent and, if present, would make even our values below the 
correct ones. 

Enumeration of the eggs is more diflicult. Ideally a large counting chamber, 
holding up to a cubic centimeter of suspension, should give the best results. 
Actually, we have not found dilution followed by counting eggs in 0.5 cc. on a 
mechanical stage to be satisfactory. The ordinary blood-counting chamber, with 
0.1 mm. between slide and cover-slip, permits counting the eggs in 0.9 c.mm. of 
undiluted suspension. The danger is that the large eggs settle so rapidly that 
all contained in a drop much thicker than 0.1 mm. may reach the slide surface 
before the cover-slip is placed and the fluid thinned. This does occur if the 
preparation is not made rapidly, and abnormally high (up to 30-50 per cent) 
counts result. The egg distribution per square is then likely to be very irregular. 
The further danger also exists that such a small sample is not fairly representative 
of the suspension. We have adopted a procedure of rapidly placing a drop, at 
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once sliding on the cover-slip, and counting the four large comer squares (often 
the four side ones as well). Each observer counted five successive drops, the 
suspension being adequately mixed each time, and an average value tglrpn with 
practise, quite consbtent results are obtained. The raw data of one run are 
given as an example (Table II). 

The method has been further checked by counting a known suspension, diluting 
two and five times, and recounting. Results of such a test were: original sus¬ 
pension = 300,000/1 cc.; diluted two times = 295,000/2 cc.; diluted five timpa = 
320,000/5 cc. 

In six experiments, after obtaining the size and number of eggs in the suspension 
and calculating the volume of eggs per cubic centimeter, volume was directly 
measured on the centrifuge. Graduated centrifuge tubes were used and, though 
less accurate than vaccine tubes, agreed well in duplicate and certainly gave 


TABLE II 


Observer 

Drop 

Cells per 1 X 1 X 0.1 mm. corner square 

Average 

Mean and P.E. 

B.B.R. 


28 

29 

32 

31 

30.0 




30 

26 

36 

33 

31.1 




27 

31 

21 

31 

27.5 




30 

31 

32 

30 

30.8 




26 

27 

33 

30 

29.0 

29.7 ± 0.5 

R.W.G. 

1 

36 

37 

35 

30 

34.5 




35 

34 

34 

26 

32.2 




31 

31 

34 

30 

31.5 




25 

34 

27 

30 

29.0 



5 

29 

27 

35 

30 

30.1 

31.5 ± 0.6 


approximately correct values. 2 to 5 cc. of suspension were used and spun for 
1 to 10 minutes by hand or electric centrifuge. Although absolute constancy 
of volume was rarely attained, an approximate constancy was reached in 3 to 5 
minutes. A volume that had become constant on hand centrifuging (radius 
16 cm., 25 R.P.S.; centrifugal force = 400 X gravity) would shrink somewhat 
in the electric instrument under greater force (radius 18 cm., 32 R.P.S., C = 750 g.). 

The ratio of minimum centrifuged volume to calculated one varied 
between 1.7 and 2.0. (In one case not included a ratio of 3.0 was 
obtained, but centrifugation was probably incomplete.) The average 
ratio was 1.8. That is: assuming the eggs were correctly counted 
and measured, the volume as determined by centrifuging was 80 per 
cent too high, and respiration rates calculated on such a basis cor¬ 
respondingly low. 
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As an extra check on the centrifuge technique we used the Harvey 
centrifuge-microscope, kindly made available to us by Dr. E. N. 
Harvey. Eggs prepared as usual and the same after straining through 
two layers of 60 micra bolting-cloth to remove the jelly were used. 
At the slowest speed obtainable (higher than that usually used, C = 
550 g.) the unfiltered eggs settled into a very loose mass. Individual 
eggs were rarely in contact with neighbors and often an egg radius 
separated them. This was largely due to the jelly, since the filtered 
eggs did come in contact and became deformed. Even here, however, 
many and large spaces were clearly visible at the edges of faceted 
surfaces. With still higher speeds (C = 1050 g., individual eggs 
were well stratified) the same pictures remained, though some further 
packing occurred. The conclusion seems clear that respirations 
calculated per unit volume, determined by the centrifuge, are subject 
to a large and variable error. 

It will require further tests to determine the volume error for other 
eggs and cells. It is possible though unlikely (because of varying 
jelly masses, sizes, and toughness of membranes) that a uniform 
correction will apply to all of Whitaker’s data, in which case the 
relation he has pointed out, that various eggs tend to the same respira¬ 
tory rate after fertilization, will remain valid. Pending such controls, 
this must be regarded as uncertain; and the absolute values must 
surely be revised. It may be mentioned that data of other workers 
on different species of urchin eggs, which agree with Whitaker’s 
values for Arbacia, were likewise based upon egg volumes determined 
on the centrifuge. 

It remains to report the actual respiration rates obtained in the 
present experiments, carried out almost entirely according to Whita¬ 
ker’s procedure except for the measurement of egg volume. The Qo, 
per million eggs, m eleven experiments with three to six runs each, 
varied from 11.3 to 33.3. This is the same variability from batch 
to batch previously encountered. The average value at 21°C. was 
19.5. In terms of the unit Whitaker has used, cubic millimeters 
Oj per hour per 10 c.mm. of eggs, this becomes, for these eggs, 0.9. 
(Second decimals are not significant.) Whitaker obtained, also at 
21“C., 0.4-0.5 for the unfertilized eggs. If this be corrected for the 
volume error of centrifuging (times 1.8) it becomes 0.7-0.9, in essential 
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agreement with the above. Tang’s result for unfertilized eggs at 
24.7°C., in these units, is 1.4; Tang and Gerard’s for fertilized eggs 
at 25°C., 6.1 (1/5 = 1.2 for the unfertilized equivalent). Applying 
a temperature coefficient of 4.0 to the unfertilized eggs, 2.0 to the 
fertilized (3), these values become, at 21°C., respectively 0.8 and 
(1/5 the fertilized value) 1.0. It is clear that all experimental series 
are in fair agreement when correct egg volumes arc obtained and 
proper allowance made for temperature differences. 

SUMMARY 

Methods used in preparing Arbacia eggs for respiration studies, 
in carrying through the manometric determinations, and in estimating 
egg quantities have been reexamined. 

Discrepancies in previous results are almost entirely due to a steady 
error in measuring egg volume by centrifuging. Volumes so obtained 
averaged 80 per cent too high. 

The respiration of unfertilized eggs of Arbacia punctulata at 21°C. 
is 0.9 c.mm. 0* per hour per 10 c.mm. of eggs. 
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I 

In studies of respiration and fermentation it is necessary to measure 
the population density of cell suspensions. Laborious and relatively 
inaccurate methods in common Ufie are a serious handicap in the time 
consumed, and they often limit the delicacy of experiments requiring 
their use. 

A device here described was constructed to give a simple and sensi¬ 
tive method of preparing yeast suspensions of known concentration 
for studies using Warburg respirometers; with suitable precautions, 
it should be useful in determining growth curves of microorganisms. 
Peskett (1927) used nephelometry for measuring the growth of yeast 
(using BaS 04 standards); Williams, McAlister, and Roehm (1929) 
constructed a special thermocouple for measuring indirectly the light 
absorbed by various suspensions of microorganisms. Richards and 
Jahn (1933) constructed two nephelometers each using a source of 
light and a single Weston Model 594 photoelectric cell arranged in 
such a way that in one the whole suspension and in the other a small part 
is placed in the path of the light. On careful examination, none of the 
devices previously described was found accurate to less than 3 per cent 
(c/. Richards (1932) for comparison of the accuracy of hemocytometer, 
hematocrit, and earlier nephelometers). The extreme sensitivity of 
photoelectric cells necessitates certain precautions which have often 
been neglected in the construction and use of photoelectric densi¬ 
tometers. We shall describe the precautions which must be taken 
with the instrument and with the suspension of the microorganism in 
order that readings accurate and reproducible to within 1 per cent 
may be obtained. 
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n 

The circuit and a schematic diagram of the apparatus are given 
in Fig. 1. A single, high intensity light-source (100 watt projection 
bulb) is directed at two longitudinal slits 35 mm. X 8 mm. in a block 
receptacle holding a 20 X 200 mm. Pyrex milk culture tube in a rigid 
holder, behind which are two Visitron photoelectric cells, Type 71 A.V. 
The currents flowing from the two cells are balanced in an ordinary 
Wheatstone bridge, Leeds and Northrup Type S, using a box gal¬ 
vanometer, Leeds and Northrup Catalog 2420 B. Weston Photronic 
cells were found not to be as stable as vacuum photoelectric cells. 

If a relatively delicate instrument is desired it is essential to use two photo¬ 
electric cells and to balance the currents from each by the method indicated.^ 
This insures almost complete independence of fluctuations in the voltage applying 
to the light-source, a significant variable in most laboratories; the light intensity 
varies almost as the square of the voltage variation. An apparatus containing 
a single photocell requires either continuous adjustment of the line voltage or some 


Fig. 1. A. Diagram of the circuit used. For detailed specifications as to the 
apparatus used see text. 

Explanation of symbols: 

n = current from Photocell I. 
t 2 = current from Photocell II. 
jRi = fixed resistance. 
i ?2 = variable resistance. 

Pi = Photocell I. 

P 2 = Photocell II. 

The intensity of light falling on Photocell I is referred to in the text as /i, and 
on Photocell II as / 2 . The galvanometer may be protected from damage by 
short circuiting etc., by placing 1,000 ohms fixed resistance in CD if desired. 

B, Sectional side elevation of the apparatus. @ refers to the colloidal 
gold heat screen, @ to asbestos sheeting lining the lamp housing and shield, ® 
to the special triangular brass holder mentioned in the text, and @ to Photocell II. 

C. The apparatus from above. 


^ This scheme was used by Goos and Koch (1927) and by Partridge (1930); it 
is also employed in the Exton Scopometer of Bausch and Lomb Optical Co., in the 
APC Turbidity Meter of Eimer and Amend, and in others. Most of the photo¬ 
electric densitometers obtainable from manufacturers are unsuitable for work with 
pure line strains of microorganisms because the suspensions must be transferred 
to special absorption cells for measurement, thus increasing the chances of infection. 
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device for automatic regulation. The former method is a source of considerable 
error in measurements, and the latter is more expensive and less satisfactory than 
the present arrangement. By test with our apparatus, the line voltage could 
fluctuate as much as 16 to 20 per cent with only 0.8 to 1.0 per cent change in the 
readings made. 

The angular relation of the photocell-sensitive surface to the concentrated 
filament must not vary, otherwise the calibrations must be repeated. The radius 
of curvature of Pyrex test-tubes is not constant, and hence the unequal reflection 
at different points would alter the amount of light reaching the photocell if the 
culture tube were turned about its axis. The first difficulty was overcome by 
using a spring holder near the top of the lamp, a rigid base for the lamp, and rigid 
construction of the box; the second by the use of a screw-holder mountmg for the 
tube with a three point scalene triangle base. It was necessary to make separate 
dilution curves for several tubes on the same standard suspension of yeast in 
order to determine empirically the correction factors for differences in radius 
of curvature of each tube. 

The lamp is left open to the air to facilitate cooling, but the culture tube, photo¬ 
cells, etc. are protected from reflections and dust as shown in the diagram. Fig. 1, 
B and C. All inside surfaces were blackened with India ink. It was found advis¬ 
able to protect the suspensions from the heat of the tamp by inserting a colloidal 
gold filter, as in Fig. 1, B, and by having a cool air stream from a small electric hair 
dryer directed into the lamp house. It is necessary to have a light-source of high 
intensity to yield a high current from the photocell. Unfortunately much infra-red 
radiation accompanies any convenient light-source. The precautions taken 
eliminated nearly all the heat, so that the temperature of a given suspension 
increased only 1°C. in 10 minutes. Since it takes only 2 to 3 minutes for a deter¬ 
mination of the density of a suspension, this factor is insignificant. 


In Fig. 1 the resistances Ri (the fixed resistance) and J ?2 (the variable 


resistance) may be related as — = r- The currents ii and i, of the 

Ri 

photocells are represented by 

and 

ii =» kill 

At balance 

»2 =• kill. 


iiRi “ iiRit 


or 


~ ~ n ^ 

Ri i% Wi h% * 
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where 



This means that the resistances Rt and Ri are measures of the in- 

ki 

tensities h and /j, varying only as — varies. It is known that the 

kt 

quantities and kj, characteristics of each photocell, vary with the 
temperature, with light intensity, and with the history of the cell. 
By making readings in the form of the ratio 

Ri for suspension 
Ri for suspending medium 

where JRj represents the bridge reading in ohms (at balance) for the 
variable resistances in each case, they become independent of such 
variations. Since Ri is kept constant at 1000 ohms, R 2 may be used 
in place of r in this ratio, making it possible to calculate directly from 
the bridge resistance-settings. The reading for the suspending me¬ 
dium preceded and followed each set of three to four readings taken on 
a given suspension. 


Dilution curves were made with yeast suspension (in 3.7 per cent 
dextrose solution), and with an ammoniacal India ink solution. 

When the ratio — ^ —^as plotted against the con- 

/v 2 for suspending medium 

centration of the sample, in per cent of the most concentrated 
sample, the points fell on an exponential curve. Put into a semi-log 
plot, this gave the straight lines shown in Fig. 2. The values for the 
yeast suspension shown in Fig. 2, were obtained on fresh pressed 
yeast {Saccharomyces cerevisiae), centrifuged and washed twice with 
3.7 per cent dextrose solution, and then suspended in 3.7 per cent 
dextrose. (Pure strain cultures will be used in future experiments.) 
The concentration range over which the plot is rectilinear is wider 
than is likely to be required for most respiration studies; in this 
experiment 79.9 per cent = 3,780,000 cells/mm.*, 10 per cent = 
573,500 cells/mm.*. Clumped cells were removed by drawing the sus- 
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pended cells through a sterile Jena sintered glass filter (20 to 30 
microns mesh). 



Fig. 2. Dilution curves, showing the exponential relation between the concen- 

tration of any given suspension and the ratio fo, suspending medium 
The log of the ratio is plotted against the concentration in per cent of the most 
concentrated sample, Line A refers to ammoniacal India ink suspensions; Line B 
to suspensions of pressed yeast in 3.7 per cent dextrose solution. The yeast cells 
were centrifuged and washed twice with the medium used. In making the dilu¬ 
tions of the yeast suspension 50 ml. of the heavy stock suspension were measured 
into separate flasks with a calibrated volumetric flask and the proper amount of 
medium added from a calibrated burette. Two burettes were employed in 
making the ink dilutions. 

Each point represents the average of three determinations made on the same 
sample within about 3 minutes (see text for discussion of the accuracy of the 
instrument over a series of observations on the same sample). For yeast the 
density of each dilution was corrected for the increase in the number of cells from 
zero time; Le., from the moment when the density of the stock suspension was first 
determined. The rate of increase in opacity due to growth was determined at 
constant temperature and a correction for this increase was applied to the measure¬ 
ments of each dilution. 
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In using this instrument for determining rates of growth of yeast 
it is important to consider the effect of changes in the optical proper¬ 
ties of the yeast cell upon measurements of density by an optical 
method. Richards (1932) has already shown that beyond the initial 
24 hour period of growth (at 28°C.) the optical properties of the yeast 
cell change markedly. Also, when it is desired to prepare suspensions 
of known concentration from pure strain cultures it is necessary to use 
cultures of the same age, grown under the same culture conditions, 
as those used in constructing a dilution curve for the strain in question. 

A dilution curve was also determined for a 1 week old culture of 
Chlorella pyrenoidosa. The curve is essentially the same as that 
obtained for yeast suspensions (c/. Fig. 2). It must be remembered, 
however, that unless the chlorophyl content per unit volume of cells 
is the same in different suspensions no comparable measurements of 
density will be obtained. (All the measurements were made at room 
temperature 22° ± 1.0°C.) 

The empirical relation found agrees approximately with Beer’s law, 
which states that the effect of concentration on the amount of light 
absorbed by a given non-colloidal suspension is; / = /oe”"*, where I = 
intensity transmitted, h = intensity entering medium, c - concen¬ 
tration in grams per liter, d — thickness in cm., and e = the Napierian 
base. Evidence of the expected deviations from this “law;” viz., 
at the upper and lower concentrations of the suspension (c/. Sheppard 
(1914)) can be seen in Fig. 2. 

The sensitivity of the instrument makes standardization of tech¬ 
nique essential. A given suspension will give progressively changing 
readings over a short period of time in the apparatus (quite apart 
from the factors already mentioned), due to the gradual settling 
of the suspended material. The suspension may be agitated con¬ 
tinuously, without admitting air bubbles, by a syringe whose plunger 
is driven up and down by a small electric motor or, if simplicity is 
desired, by stirring with a glass rod at a uniform rate, for a constant, 
short time before making readings. For example, the suspension 
may be stirred by hand for 15 seconds at sufficient speed to get all 
the cells in motion, and the reading taken exactly 1 minute after 
cessation of the stirring in each case. The light-source was switched 
on the moment stirring ceased and used only during the period of 
observation, to prevent undue rise in temperature. 
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IV 

The instrument used in the manner described is relatively more 
accurate than other methods of measuring population density and is 
considerably faster in operation. 

The error in setting Rt, and hence in the ratio r, for any given single 
observation is limited by the error of the eye in detecting whether 
the galvanometer mirror deflects, and by the sensitivity of the instru¬ 
ments used. The per cent error in this setting may be calculated; 
for the instruments used it was found to be less than 1 per cent. 
This may be shown as follows: 

Let 


At «■ smallest current detectable with the galvanometer used in our set-up, 

and 

Ar = smallest change in r dependent thereon, 

where 

r is proportional to - {cf. p. 386) 

ti 

Then, using ii, 4, and r in the same sense as in Section II, 

ii + Ai i\ UAi + iiAi 

^ SS ----- ^- 

i% Ai — Ai) 

^ Aidi + ii) . , A/(l + f) 

u(u - Ai) ^ U 


or per cent error of r = 


lOOAf 

r 



X 100 = approximately 100 


it 


The magnitude of this quantity was found by substituting the 
values found. On the galvanometer used 1 mm. deflection corres¬ 
ponded to 1/5.9 microampere. Assuming that one can detect a 
movement on the scale of 0.1 mm., the smallest current one could 
read (At) would be 1/59 microampere or approximately 0.02 micro¬ 
ampere. By measurement the current flowing in the arm t, (Fig. 1) 
was found to be 5 microamperes. Substituting, 

2 X 0.02 

" —-— X 100 a 0.8 per cent. 


per cent error in determining r 
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If one could detect a 1/20 mm. deflection this value becomes 0.4 per 
cent. 


TABLE I 

Reproducibility of results using a single suspension of yeast cells. The cells 
were centrifuged, washed, and susj^ended in 3.7 per cent dextrose solution, which 
was found to be isosmotic with William’s solution. The ratio tabulated repre- 

i ?2 for suspension ^ , 

sents -- R 2 is measured in ohms as described in the text. 

A 2 for suspending medium 


Time 

Ratio 

Deviation from mean 

Average deviation of ratio from mean 

a.m. 

10:00 

1.827 

+0.014 


10:10 

1.815 

+0.002 


10:20 

1.815 

+0.002 


10:25 

1.805 

-0.008 


10:30 

1.808 

-0.005 


10:35 

1.806 

-0.007 


10:40 

1.814 

+0.001 


10:45 

1.807 

-0.006 


10:50 

1.811 

-0.002 


10:52 

1.807 

-0.006 


10:55 

1.809 

-0.004 


11:00 

1.818 

+0,005 


11:05 

1.814 

+0.001 


11:10 

1.814 i 

+0.001 


11:17 

1.811 

-0.002 


11:20 

1.819 

+J.006 


11:28 

1.821 

+0.008 


11:35 

1.812 

-0.001 


11:34 

1.816 

+0.003 


11:44 

1.817 

+0.004 


Mean. 

1.813 


dbO.004 = 0.24 percent 


Using the relation found in the text for the per cent error in reading the ratio r, 
we find that if one could detect a l/20th mm. deflection on the galvanometer this 
error would be 0.4 per cent. Evidently with the care exercised we could detect 
a slightly smaller deflection. The maximum deviation was 0.8 per cent which 
agrees exactly with the error in a single setting if one detected a deflection of 
0.1 mm. 

Attention is called to the fact that complete independence of the 
absolute magnitude of the resistances, Ri and R 2 , is established by the 
above derivation of the expression showing the per cent error in deter- 
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mining r. It is not necessary to work on the “most sensitive part” 
of the bridge, and the experimenter is thus able to use almost any 
available apparatus. 

The error in determining r in a scries of twenty readings is shown 
in Table I. It will be seen that both by calculation and by measure¬ 
ment the expected accuracy is well under 1 per cent, if the precautions 
outlined have been followed. 


SUMMARY 

A device for quickly and accurately measuring the population 
density of a suspension of microorganisms, permitting the preparation 
of yeast suspensions of known density to within 1 per cent error, was 
constructed with two Visitron photoelectric cells, a single light of high 
intensity and a good Wheatstone bridge for balancing the currents 
from the two photoelectric cells. A large Pyrex milk culture tube 
holding the suspension is placed in the path of one beam of light 
coming through a small longitudinal slit and thence to one photocell; 
a second similar slit directs another beam of light upon the second 
photocell, thus causing dissimilar currents to flow, the ratio of whose 
magnitudes may be measured by the bridge resistances. A relation 
between these currents and the relative light intensities is shown, 
and the one significant unmeasurable variable (the characteristic 
constant of a photocell) is practically eliminated by the use of a 
method of ratios. 

After careful standardization of technique the apparatus proved 
more accurate than other methods available for the purpose indicated. 
In rapid use its accuracy may be put safely at 1 per cent for measuring 
the densities of cultures of approximately the same age and composed 
of cells having comparable optical characteristics. 
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Hemoglobin denatured by acid or coagulated by heat and dissolved 
in acid becomes native again when brought to nearly neutral solution. 
From this fact the conclusion was drawn that there is an equilibrium 
between native and denatured protein which depends on the tem¬ 
perature and the pH (Anson and Mirsl^y, 1925). If there is such an 
equilibrium then at a suitable pH denaturation brought about by 
heating should be reversed by cooling. Reversal of heat denaturation 
by mere cooling was actually found to take place with serum albumin, 
globin, and pepsin (unpublished experiments). In none of these 
three cases was reversal complete, so none of these three proteins was 
suitable for the exact study of definite equilibrium states. A suitable 
protein has now been found. Trypsin, which catalyzes the hydrolysis 
of proteins, is itself a protein (Northrop and Kunitz, 1932). And the 
denaturation of trypsin is readily and completely reversible. If 
trypsin is heated to 60°C. in 0.05 n acid it is converted into a protein 
which is completely precipitable by quarter saturated ammonium 
sulfate. When the heated trypsin is cooled it changes back into the 
original form which is not precipitated by quarter saturated am¬ 
monium sulfate. If trypsin is heated or cooled to a temperature 
around 40°C. a definite fraction is precipitable by salt (Northrop, 
1932). 

Since native trypsin digests other proteins and denatured trypsin 
does not, the denaturation of trypsin can be followed by activity 
measurements. If the digestion mixture is alkaline enough and 
contains enough urea then there is no change of inactive denatured 
trypsin into active native trypsin during the measurement of tryptic 
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activity. The same results are obtained whether denaturation is 
followed by measurements of activity with the urea technique or by 
measurements of the formation of salt-precipitable protein. In the 
present investigation the urea technique alone has been used both 
because of its simplicity and because it can be applied even to dilute 
solutions of trypsin. For the definition of trypsin activity units 
([T. U.]”'’) and the details of the procedure a previous paper (Anson 
and Mirsky, 1933) should be consulted. Hemoglobin is used as the 
protein substrate which is digested. 


TABLE I 

EJ^ecl of Acid, Alkali, and Alcohol on the Equilibrium between Native and Denatured 

Trypsin 


Composition of solvent 

Tempera¬ 
ture <if in¬ 
activation 

IT. U.)Hb 
per ml. 
before 
heating X 
10< 

1 

IT. U.l^b 
after 

heating and 
cooling X 
10* 

IT. 

when 
heated to 
tempera¬ 
ture of in¬ 
activation 
X 10* 

IT. U.lHb 
when 
cooled to 
tempera¬ 
ture of in¬ 
activation 
X 10* 

Percentage 

inactiva¬ 

tion 


“C. 






0.01 nHCI 

44.1 

21.6 

21.4 

11.4 

11.0 

48 

0.01 N HCl 

44.0 

199.2 


99.6 


SO 

0.003 N HCl 

54.5 

28.8 

27.6 

14.7 

13.2 

51.5 

0.001 N HCl 

61.3 

28.8 

28.4 

14.4 

15.2 

48.4 

0.01 N HCl in 10 per 

38.S 

28.8 

28.4 

14.4 

14.7 

49.4 

cent alcohol 







0.05 N NaOH 

0 

345.0 

260.0 

17.4 


95.0 


Existence of Equilibria .—Under any definite conditions under which 
there is no irreversible inactivation, a definite fraction of the tr)qjsin 
is in the active, native form and a definite fraction in the inactive, 
denatured form. The percentage inactivation at a given temperature 
is the same whether the trypsin solution is heated or cooled to that 
temperature (c/. Table I). In general the percentage denaturation 
at equilibrium depends only on the conditions at equilibrium and is the 
same whether one starts with native or denatured tr 5 q)sin. 

Effect of Concentration .—^The concentration of a trypsin solution 
can be varied ten times without any effect on the percentage denatura¬ 
tion under given conditions {cf. Table I). The kinetics of dena¬ 
turation are therefore the same as the kinetics of the reversal of 
denaturation. 
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Efect of pH .—^In a rough way the more trypsin is ionized by either 
acid or alkali the more the equilibrium between native and denatured 
trypsin is shifted toward the denatured form. A theory of the 
mechanism of denaturation by acid and alkali will be presented in a 
paper on the equilibrium between native and denatured hemoglobin. 
According to this theory the effect of pH on the equilibrium between 
the native and denatured forms of a protein must be correlated with 
differences in the titration curves of the native and denatured forms. 
The data at present available do not permit any detailed comparison 
of the effects of pH on the ionization and denaturation of trypsin. 

The marked effect of pH on the equilibrium between native and 
denatured trypsin is not apparent at room temperature. At 25°C. 
native trypsin is the equilibrium form even in 0.01 n hydrochloric acid. 
That is, denatured trypsin, if brought to 25°C. in 0.01 n hydrochloric 
acid, changes completely into native trypsin. The importance of pH 
is clear at higher temperatures. If trypsin is heated at any pH a 
temperature is reached at which the cnz 5 ane is half denatured. This 
temperature of half denaturation is very sensitive to the pH and is 
lowered by either acid or alkali (cf. Table I). Only in acid solution 
can the experiments be carried out without irreversible inactivation. 
In acid solution, as is shown in Table I, the activity after heating and 
cooling is the same as before heating. In alkaline solutions in which 
the temperature of half denaturation is low there is irreversible in¬ 
activation. In neutral solutions in which the temperature of half 
denaturation is high, the denatured trypsin is digested so rapidly 
by the native trypsin that measurements of equilibria are impossible. 
The irreversible inactivation by alkali and the digestion in neutral 
solution have been studied in detail by Northrop and Kunitz (1934). 

The Effect of Temperature .—In 0.01 n hydrochloric acid trypsin 
is almost completely native at 40°C. and almost completely denatured 
at a temperature 10° higher. The logarithm of the equilibrium 
constant (the ratio of native trypsin to denatured trypsin) is propor¬ 
tional to the reciprocal of the absolute temperature as is stated by 
van’t Hoff’s relation between the heat of reaction and the effect of 
temperature on the equilibrium 
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Table II gives the observed values of the percentage denaturation 
and the values calculated from van’t Hoff’s equation, assuming the 
heat of reaction to be —67,600 calories per mole. 

The Effect of Alcohol .—In general denaturing agents shift the 
equilibrium between native and denatured trypsin towards the de¬ 
natured form. 10 per cent alcohol in 0.01 n hydrochloric acid lowers 
the temperature of half inactivation 5.5° (c/. Table I). 

We are now in a position to understand why trypsin is such favorable 
material for the study of denaturation and its reversal. The first 
condition for the reversal of denaturation is that the denaturation 
procedure used should not cause secondary irreversible changes. 


TABLE II 

Effect of Temperature on the Equilibrium between Native and Denatured Trypsin 
in 0.01 N Hydrochloric A cid 


Temperature 

Percentage denaturation 

Percentage denaturation 
calculated from In — —— -f C 

-- AZZ « 67,600 calories/mole 

X. 



42 

32.8 

32.8 

43 

39.2 

41.0 

44 

50.0 

50.0 

45 

57.4 

56.4 

48 

80.4 

80.0 

50 

87.8 

87.2 


Trypsin is remarkably stable in acid. The second condition for 
reversal is that the denatured protein be brought to a pH at which 
the native form is the equilibrium form. In the case of some proteins 
this means a pH close to the isoelectric point, i.e. a pH at which the 
denatured protein is insoluble, at which it is precipitated before 
reversal of denaturation can take place. Denatured trypsin changes 
into native trypsin in acid solutions in which denatured trypsin is 
entirely soluble. 


EXPERIMENTAL 

The trypsin used was prepared according to Northrop and Kunitz (1932). 
For the experiments of Table I the trypsin cake was simply diluted with the sol¬ 
vents described. For the experiments of Table II the trypsin was first dialyzed 
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in the cold. Dialysis does not affect the results because so much solvent is added 
to the trypsin cake that the salt introduced with the cake is eventually present in 
extremely dilute solution. 

The method of estimating active native trypsin in the presence of inactive 
denatured trypsin by the use of a suitable hemoglobin solution has already been 
described (Anson and Mirsky, 1933). 

The experiments with dilute trypsin in 0.01, 0.003, and 0.001 n hydrochloric 
acid, which include the experiments on the effect of temperature on the percentage 
denaturation, were carried out as follows: To estimate the activity before heating 
5 ml. of hemoglobin solution plus 0.5 ml. water were poured into 0.5 ml. enzyme 
solution and the digestion was carried out for 5 minutes. Exactly the same pro¬ 
cedure was used to measure the activity after heating and cooling. The heating 
consisted in keeping the test-tube containing the enzyme solution in a water bath 
2° above the inactivation temperature for 2 minutes. The cooling consisted in 
keeping the trypsin solution at 25° for 10 minutes. The enzyme solution was 
heated to the inactivation temperature by being kept in a water bath at the 
inactivation temfxirature for 2-3 minutes and cooled to the inactivation tem¬ 
perature by being kept first in a bath 1-2° above the inactivation temperature 
for 1-2 minutes and then in a bath at the inactivation temperature for 2-3 minutes. 
The time at the higher temperature sufficed to produce more than half denatura¬ 
tion as was determined by separate experiments. 

In the case of the ten times more concentrated trypsin in O.Ol n hydrochloric 
acid, the enzyme was first diluted ten times and a digestion mixture of the normal 
composition obtained by adding to 0.5 ml. of trypsin solution 4.5 ml. of a mixture 
of 10 parts hemoglobin solution and 0.8 parts water and then there were added to 
1 ml. of the resulting solution 5 ml. of a mixture of 5 parts hemoglobin solution 
and 1 part water. The digestion time wrs measured from the first addition of 
hemoglobin. 

In the case of the solution of trypsin in acid alcohol, the enzyme solution was 
kept at the inactivation temperature for 5 minutes and before being cooled to the 
inactivation temperature it was kept at a temperature 1.5° higher for 1 minute. 

To estimate the activity in 0,05 n sodium hydroxide at 0°C. 1 ml. of 0.1 N 
sodium hydroxide was added to 1 ml. trypsin solution. After 1 minute there were 
added to 0.5 ml. of this solution a mixture of 5 ml. hemoglobin solution and 0.5 ml. 
0.05 N hydrochloric acid. Digestion was carried out for 5 minutes. To find out 
how much of the trypsin was reversibly inactivated by the alkali, 14.5 ml. of 0.01 
hydrochloric acid were added to 0.5 ml. of the alkaline trypsin and, after 10 minutes 
at 25°C., 5 ml. of hemoglobin solution were added to 1 ml. of the acidified trypsin 
and digestion was carried out for 5 minutes. 

SUMMARY 

There is a mobile equilibrium between the native and denatured 
forms of trypsin which depends on the concentrations of acid, alkali, 
and alcohol and on the temperature. 
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The heat of denaturation in 0.01 n hydrochloric acid calculated 
from the effect of temperature on the equilibrium constant is —67,600 
calories per mole. 


REFERENCES 

Anson, M. L., and Mirsky, A. E., 1925, /. Gen. Physiol., 9,169. 
Anson, M. L., and Mirsky, A. E., 1933, J. Gen. Physiol., 17,159. 
Northrop, J. H., 1932, J. Gen. Physiol., 16, 323. 

Northrop, J. H., and Kunitz, M., 1932, J. Gen. Physiol., 16, 267. 
Kunitz, M., and Northrop, J. H., 1934, J. Gen. Physiol., 17, in press. 
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The denaturation of hemoglobin by acid is partially reversible 
(Anson and Mirsky, 1931). If acidified hemoglobin is rapidly neu¬ 
tralized all the protein is precipitated. If the acidified hemoglobin 
is first made slightly alkaline and then after a few seconds brought 
to the neutral point only a third of the protein is precipitated. The 
soluble two-thirds has again the properties of native hemoglobin. 

Equilibria in Salicylate Solutions. —It has already been shown 
(Anson and Mirsky, 1929 b) that concentrated sodium salicylate in 
neutral solution denatures hemoglobin and keeps denatured hemo¬ 
globin in solution. It will be shown in this paper that denaturation 
by salicylate is completely reversed when the salicylate is removed by 
dialysis under suitable conditions or when the salicylate solution is 
simply diluted with water. Salicylate not concentrated enough to 
denature hemoglobin completely produces an equilibrium mixture of 
native and denatured hemoglobin. The higher the salicylate concen¬ 
tration the higher is the percentage denaturation (see Fig. 1). At 
any given salicylate concentration the percentage denaturation is the 
same whether one starts with native or with denatured hemoglobin. 
Decreasing the hemoglobin concentration from 1 per cent to 0.5 per 
cent or raising the temperature from 25°C. to 35°C. has no detectable 
effect on the equilibrium in 0.25 m salicylate solution. 

inferences between Native and Denatured Hemoglobin. —Hemoglobin 
denatured by salicylate has three properties characteristic of hemo¬ 
globin denatured by other means. It is insoluble under the same 
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conditions under which native hemoglobin is soluble; it is digested 
by trypsin which does not attack native hemoglobin; and it has the 
parahematin type of spectrum which is also given by a solution of 
hemin in pyridine. When the denaturation of hemoglobin by sali¬ 
cylate is reversed, the original properties of native hemoglobin are 
restored. 



0.1 0.2 0.3 0.4 0.5 

Molarity of salicylate 


Fig. 1. The effect ol salicylate concentration on the denaturation of hemoglobin 

One can, if one so wishes, assume that salicylate converts hemo¬ 
globin not into denatured hemoglobin but into some other compound 
which also is insoluble, and digestible and has the parahematin spec¬ 
trum. Before such an assumption need be considered seriously some 
difference between the hypothetical other compound and denatured 
hemoglobin must first be demonstrated. 
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The Change in Spectrum on Denaiuration. —The change in spectrum 
resulting from the denaturation of hemoglobin is the basis of the 
method used to estimate the percentage denaturation. Hemoglobin 
consists of a native protein, globin, joined to an iron porphyrin com¬ 
plex, heme. The spectrum of heme is changed by combination of 
heme with native globin and the spectrum of the heme-globin com¬ 
pound is changed when the globin is denatured. The denaturation 
of hemoglobin can, therefore, be followed spectroscopically, heme 
acting as an indicator of the change in the protein with which it is 
combined. This was first pointed out for the compounds of reduced 
(ferrous) heme. The compound of reduced heme and native globin 
has the spectrum of reduced hemoglobin while the compound of 
reduced heme with denatured globin has the spectrum of hemochromo- 
gen (Anson and Mirsky, 1925; 1928). Analogously the compound of 
oxidized heme and native globin has the spectrum of methemoglobin 
while the compound of oxidized heme and denatured globin has the 
spectrum of parahematin (Keilin, 1926). Parahematin has no dis¬ 
tinct absorption in either the yellow or the red, whereas alkaline 
methemoglobin and hematin have a band in the yellow and acid 
methemoglobin and hematin have a band in the red. The spectrum 
of parahematin is thus qualitatively different from the spectra of the 
other hemoglobin derivatives. 

Because of technical difficulties the spectroscopic study of the 
denaturation of hemoglobin and its reversal has not been satisfactory. 
The difficulties arc these. In neutral solution both globin hemo- 
chromogen and globin parahematin arc insoluble. In alkaline solu¬ 
tion, globin hcmochromogen prepared from hemoglobin can combine 
with extra reduced heme and globin parahematin dissociates to a 
greater or lesser extent into denatured globin and oxidized heme. 
It is doubtful whether the pure spectrum of globin parahematin has 
hitherto been observed. In the neutral salicylate solutions used 
in the present experiments globin parahematin is neither precipitated 
nor dissociated and so the difficulties which have been mentioned are 
avoided. 

The Change in Absorption of Green Light on Denaturation. —Viewed 
in the monochromatic green light easily obtained by the use of color 
filters from the mercury arc lamp, all pigments appear to be of the 
same color. Different pigments, however, differ in the extents to 
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which they absorb the green light. Denatured methemoglobin 
prepared by the addition of salicylate to a neutral phosphate solution 
of native methemoglobin absorbs the green light about twice as 
strongly as does native methemoglobin. Hence one can measure the 
extent of denaturation of methemoglobin by measuring the extent of 
absorption of green light with a colorimeter. The greater the per¬ 
centage denaturation, the greater the absorption of green light. 

Aggregation .—^The solubility of denatured hemoglobin in dilute 
neutral salicylate solution is limited. If the protein concentration 
is too high there results, first, association or aggregation of the protein 
molecules, and then visible precipitation. Aggregation of the mole¬ 
cules of denatured hemoglobin increases the absorption of green light 
by an equilibrium mixture of native and denatured hemoglobin in two 
different ways. First, the aggregated pigment has a greater absorbing 
power than the unaggregated. Secondly, if as a result of aggregation 
denatured hemoglobin is removed from the equilibrium mixture 

unaggregated native hemoglobin unaggregated denatured hemoglobin 

then more denatured hemoglobin is formed to maintain the equilibrium 
and there is an increase in the total amount of denatured protein 
and hence in the light absorption. This complicating effect of aggre¬ 
gation on the study of an equilibrium has already been discussed in 
connection with the equilibrium 


reduced heme pyridine pyridine hemochromogen 

(Anson and Mirsky, 1929a; 1930). The same formation of denatured 
from native hemoglobin which takes place when the denatured 
hemoglobin is aggregated also takes place when the denatured hemo¬ 
globin is digested. 

To avoid aggregation in experiments on the effect of salicylate 
on the equilibrium between native and denatured hemoglobin, the 
hemoglobin concentration is kept as low as is consistent with accurate 
colorimetric measurements. Bovine hemoglobin is used because 
compared with hemoglobin from other common animals it is relatively 
soluble and requires a relatively high concentration of salicylate for 
denaturation. The solutions cannot be made more alkaline to avoid 
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aggregation because the optical properties of the pigments change 
and become much more alike than they are in neutral solution. 

If salicylate is added to native methemoglobin the absorption of 
green light at first increases rapidly with time, then remains constant, 
and finally increases again very slowly. If the same final conditions 
arc obtained by the addition of water to denatured methemoglobin in 

TABLE I 


Efect of Salicylate Concentration and Time on the Absorption of Green Light by 

Uemoglobin Solutions 


Molarity of 
salicylate 

Time, min. 

0.5 

5 

10 

IS 

30 

40 

60 

120 

0 

0.05 (a) 

20 



20.2 

20 

20.1 



0.10 (a) 




20.1 


20.1 



0.15 (a) 


20.0 


20.0 





(b) 


20.0 


20.0 





0.20 {a) 

20.0 

19.7 

19.2 

19.1 

18.7 

18.7 

18.0 

17.5 

ib) 

18.0 

18.7 

18.7 

18.7 

18.7 

18.3 

17.4 

17.4 

0.2S (a) 

18.0 

17.3 

16.9 

16.8 

16.7 

16.7 

16.0 

16.0 

(b) 

15.7 

16.7 

16.7 

16.7 

16.7 

16.0 

16.0 

16.0 

0.30 (o) 

17.0 

15.1 

14.7 

14.7 

14.6 

14.5 

14.0 

13.8 

(6) 

12.3 

14.2 

14.7 

14.7 


14.6 

13.9 

13.9 

0..35 (o) 

13.5 

12.3 

11.8 

12.0 

12.0 

12 0 

11.8 

11.8 

(6) 

11.3 

12.0 

12.0 

12.0 

11.9 

12.0 

11.8 

11.8 

0.40 (a) 

13.0 

11.2 

11.0 

11.0 





(6) 

10.8 

11.0 


11.0 





0.45 (a) 

13.0 

11.0 

10.7 

10.7 





0.50 (a) 


10.5 



10.5 





The figures represent colorimeter readings, (o) means that the equilibrium 
was reached by the formation of denatured hemoglobin, (6) by the formation of 
native hemoglobin. (Sec experimental part of text.) 


concentrated salicylate solution then the light absorption first de¬ 
creases rapidly, then remains constant, and finally increases very 
slowly. The value of the light absorption which is constant for a 
while is the same whether the experiment is started with native or 
with denatured hemoglobin. These results, which are given in Table 
I, suggest that a true equilibrium is measured before slow aggregation 
or other change takes place. Aggregation, however, is not definitely 
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excluded at any stage of the reaction. The state of dispersion of the 
protein can be decided conclusively only by direct molecular weight 
determinations. 

That there is an equilibrium between a red form and a brown form 
of hemoglobin is an observed fact whose validity does not depend on 
the existence or non-existence of aggregation. If aggregation does 
take place before the equilibrium can be reached and measured then 
one cannot tell from the total effects of salicylate concentration and 
temperature on the percentage denaturation to what extent the sali¬ 
cylate concentration and the temperature influence the degree of 
aggregation and to what extent they influence the equilibrium between 
unaggregated native and denatured hemoglobins. If, on the other 
hand, the equilibrium is not being disturbed by aggregation then any 
theory of denaturation must be in harmony with the facts first, that 
the curve relating percentage denaturation to salicylate concentration 
is S-shaped (see Fig. 1) and, secondly, that temperature has little 
effect on the equilibrium between native and denatured hemoglobin 
although it has a great effect on the equilibrium between native and 
denatured trypsin (Anson and Mirsky, 1934). The theory of de¬ 
naturation we shall now present which is in harmony with the facts 
which have just been stated is simply a restatement in other words 
of the existence of an equilibrium between the native form of a protein 
N and its denatured form, D. 

Let us suppose that there is added to the equilibrium mixture 
N ^ D, a. substance, X, which can combine reversibly with both N 
and D or modify N and D in any reversible way. There then results 
the double equilibrium 


N + X^NX 

it :! n 

D + X^DX 

The total native protein is N + NX, the total denatured protein 
D -f DX. There are two ways in which the equilibria can be influ¬ 
enced reversibly. First, the equilibrium constants can be changed 
by a change in the solvent, in the temperature, or in the rate at which 
any form of energy is being absorbed. Secondly, the amounts of 
N and D combined with X can be increased by an increase in the 
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concentration of X. If X has the same affinity for D as for N, then 
the fraction of D converted into DX by the addition of X is the same 
as the fraction of N converted into NX and there is no change in the 
total percentage denaturation. If X has a greater affinity for D than 
for iV, relatively more D is converted into DX than N into NX and 
the percentage denaturation is increased. The necessary relation 
between the denaturation equilibria and the X combination equilibria 
is given by the identity: 

N/D _ N/NX 
NX/DX ~ D/DX 

Given the mere fact that the addition of X causes denaturation 
one cannot decide whether the cause of the denaturation is a change 
in the equilibrium constants of the individual equilibria or a greater 
combination of X with D than with N, or whether X acts in both 
ways. The decision must be made on the basis of measurements of 
the individual equilibria or on the basis of chemical probabilities. 
It is likely, for instance, that a change in percentage denaturation 
brought about by acid is due to a difference in the affinities of acid 
for the native and denatured forms of the protein. 

In practice when X is added to a protein there usually results a 
whole series of X compounds and hence the complicated equilibrium. 

N ^ NXi NXt . NX^ 

IT IT 2 it IT 

Dt^DXitl^DXt . DXn 

The shape of the curve relating the concentration of X to the per¬ 
centage denaturation depends on the values of all the equilibrium 
constants. By substituting a suitable set of values into the involved 
equation representing the complicated equilibrium one can obtain 
the S-shaped curve which relates the concentration of salicylate to the 
percentage denaturation of hemoglobin by salicylate. Such curve 
fitting is of little theoretical significance so long as the numerous 
equilibrium constants are chosen arbitrarily. What are needed are 
X combination curves to go with X denaturation curves; for instance, 
acid titration curves to go with measurements of the effect of pH on 
denaturation. The presentation of the detailed mathematical formu- 
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lation of the theory of equilibria had best be postponed until data for 
testing the equations are available. 

The heat of the denaturation N DX caused by the addition of 
X to N vs, equal to the heat of the reaction N —* NX plus the heat 
of the reaction NX DX. Since the reaction N —* NX may be either 
endothermic or exothermic depending on the nature of X, the heat 
of the denaturation N —> DX will vary with the nature of the denatur¬ 
ing agent. 


EXPERIMENTAL 

Equilibria .—The stock solutions are a freshly filtered 1 per cent solution of 
dialyzed bovine methemoglobin prepared according to Anson and Mirsky (1931) 
in a buffer made up of equal parts 0.1 m K 2 PO 4 and 0.1 m Kri 2 P 04 and a filtered 
1 M solution of sodium salicylate which is stored in the cold. Only such a sample 
of salicylate should be used which on filtration yields a water-clear solution. 
Monochromatic green tight for the colorimetric measurements is obtained from 
the mercury vapor lamp by means of the two color filters supplied by the Corning 
Glass Company for the isolation of the green line. The standard which is set at 
20 is made up by adding 9 parts of water to 1 part of the hemoglobin solution. 
All the exi)eriments described in the experimental part are carried out at 25°C. 

To reach the equilibrium corresponding to X tenth molar salicylate 
solution by formation of denatured hemoglobin, 10 ml. of solution 
are made by adding X ml. of the 1 m salicylate to a mixture of 1 ml. 
hemoglobin and 10 —{X -1- 1) ml. water. To reach equilibrium 
from the other side by the formation of native hemoglobin, 10 ml. 
of solution are made by adding X ml. of salicylate to a mixture of 1 ml. 
hemoglobin and 7 —(X + 1) ml. water and then after 3 minutes 
adding 3 ml. more of water. The colorimetric readings at various 
times are given in Table I. 

Since denatured methemoglobin absorbs green light or 1.9 
times as strongly as native methemoglobin, the relation between the 
colorimetric reading, R, and the fraction, D, of the protein which is 
denatured is given by 

(1 - £») -h \.W - f 

or 

20- R 


D 


0.9/? 
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The greater the percentage denaturation, the less accurate is the 
estimation of the percentage denaturation by this colorimetric method. 
Fig. 1 shows the relation between the salicylate concentration and the 
percentage denaturation. 

The Digestion 2 cs/.—-Hemoglobin in salicylate solution is not di¬ 
gested by trypsin unless the salicylate concentration is high enough 
to cause some denaturation as shown by the optical test. If a 1 per 
cent solution of hemoglobin in 0.3 m salicylate, which by the color¬ 
imetric test is about 40 per cent denatured and 60 per cent native, 
is diluted with equal volume of water and placed in boiling water the 
protein precipitates. If 1.7 X 10“* hemoglobin units (Anson and 
Mirsky, 1933) of trypsin arc added to each ml. of the solution before 
it is diluted and heated, then digestion of the denatured hemoglobin 
takes place, more denatured hemoglobin is formed to maintain the 
equilibrium and so on until after 20 minutes no precipitate is formed 
if the solution is diluted and heated. A 1 per cent solution of hemo¬ 
globin in 0.1 M salicylate which by the colorimetric test is all native 
even after 20 minutes treatment with trypsin yields the same sort 
of precipitate on dilution and heating as does hemoglobin not treated 
with trypsin. The dilution is made with 0.2 m salicylate instead 
of with water so that the final salicylate concentrations of the solu¬ 
tions which are heated are 0.15 m in the two cases. Native hemo¬ 
globin prepared from denatured hemoglobin behaves like native 
hemoglobin which was never denatured. To denature the hemoglobin 
1 ml. of salicylate is added to 1 ml. of hemoglobin. Brown native 
hemoglobin is obtained again from the red denatured hemoglobin 
by the gradual addition of 7.5 ml. water. Finally 0.5 ml. trypsin 
solution is added. Since trypsin is probably destroyed under the 
conditions under which hemoglobin is inactivated there is probably 
more active trypsin in the solution of native hemoglobin which 
is not digested than in the solution of denatured hemoglobin which 
is digested. 

The Solubility Test .—Denatured mcthemoglobin is insoluble in 
0.3 saturated ammonium sulfate. 1 ml. salicylate is added to 1 ml. 
hemoglobin and the protein is then precipitated by the addition of a 
mixture of 12 ml. water and 6 ml. saturated ammonium sulfate. 
Native hemoglobin is soluble under the same final conditions. No 
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precipitate results from the addition of 6 ml. saturated ammonium 
sulfate to a solution prepared by adding 1 ml. hemoglobin to a mixture 
of 12 ml. water and 1 ml. salicylate. “Reversed” hemoglobin behaves 
like native hemoglobin. 1 ml. salicylate is added to 1 ml. hemoglobin 
to bring about denaturation; 12 ml. are then added gradually to bring 
about the reversal of denaturation. When finally 6 ml. of saturated 
ammonium sulfate are added only a slight haze is obtained. The clear 
brown filtrate from this solution stays clear. 

SUMMARY 

The denaturation of hemoglobin by salicylate in neutral solution 
is completely reversible. 

There is a mobile equilibrium between native and denatured 
hemoglobin in neutral salicylate solution. I'he higher the salicylate 
concentration the greater is the percentage denaturation. 

When there is a mobile equilibrium between the native and de¬ 
natured forms of a protein, denaturation is caused by the addition 
of any substance which has a greater affinity for the denatured than 
for the native form. 

Theoretically the heat of denaturation must vary with the denatur¬ 
ing agent and must depend on the heat of combination of the de¬ 
naturing agent with the protein. 
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The problem of the relation between toxicity, resistance of organ¬ 
isms to noxious agents, and time at which the expected event occurs, 
can be considered from two aspects. Under the usual experimental 
conditions the action of a destructive agent is observed on a group of 
organisms and therefore, as with any collective phenomenon, the 
order of events (that is, in the present case the shape of the mortality 
curve) is the most conspicuous attribute of the phenomenon. Several 
authors, interested in this problem, have believed that the number of 
organisms present in the group actually determined the rate at which 
the organisms died (1~10), Another group (11-17) of investigators 
focused interest on the fundamental phenomenon, considering the rela¬ 
tion between toxicity, resistance, and time of survival as though only 
a single organism were involved. They attribute the particular shape 
of the mortality curve to a particular distribution of the resistance 
among the individuals. Both aspects have been discussed extensively 
in the literature. Many theories and equations have been proposed 
none of which seems to agree with all the different types of experi¬ 
ments. It appears superfluous to review the literature, for several 
extensive reviews of the subject have been published lately (18-21). 
All theories which assume that the number of organisms present in the 
system influences the fundamental process must be rejected on the 
basis that the action of an agent on one organism {e,g,y higher animal) 
must be independent from that on another, provided that the agent 
is present in sufficient quantities not to be used up to an appreciable 
extent in the process. Those who believed that the peculiar death 
order of organisms is due to individual differences in the resistance 
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of the organisms, had to assume a peculiar distribution of the resistance 
and even then it could not be explained why sometimes a more or less 
symmetrical distribution of the survival time of the organisms changes 
to an as)Tnmetrical one, when the strength of the destructive agent 
is changed. 

An explanation for this was sought in the fact that the fundamental 
relation between toxicity, resistance, and time is not necessarily a 
linear one. Thus, even if the resistance showed a normal (sym¬ 
metrical) variation, the distribution of the survival time might be 
asymmetrical. A general equation, describing the fundamental 
relationship, has been derived and set forth in a preliminary paper (22). 
It is based on the experimental fact that toxicity has a threshold value 
which can be considered as corresponding to a state of equilibrium 
(stationary state) between toxicity and resistance and on the assump¬ 
tion that the variation of the time is proportional to the relative 
variation of the difference between toxicity and resistance. Among 
the equations which have been proposed to account for the relation 
between toxicity, resistance, and time of survival (Deyer and Walker 
(23) {cf. the criticism offered by Glenny (24)), Powers (25), Car¬ 
penter (26), Ponder (27)) there are some which are non-linear. That 
of Ponder (27) resembles most nearly the equation given in the pre¬ 
liminary paper. However, differences in the two equations seem to 
account sufficiently for differences in the applicability of the two 
equations. In more recent papers Ponder (28) abandoned his 
first equation for a new one which is claimed to have more general 
applicability. 

Special forms of the equation given in a general form in the pre¬ 
liminary paper are developed below. There are, altogether, four 
independent variables; resistance (r), toxicity (h), time (/), and 
temperature (T), and experiments can be so conducted that two of 
them vary and two remain constant. In addition, to each value of 
resistance, there corresponds a number of organisms (the percentage 
killed) expressing the probability that any one of the organisms has 
a resistance equal to or lower than the one in question. The following 
combinations of the four variables arc selected for the test of the 
theory: 
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(1) The resistance and the time vary while the temperature and toxicity are 
kept constant (c/. Section II below), (a) A resistance value can be calculated 
from the time which is required to kill a certain number of organisms. The 
resistance of the organisms killed in this time is lower than, or at most, equal to, 
this value. The percentage of organisms killed can now be plotted against resis¬ 
tance instead of time and the shape of the curve thus obtained can be analyzed. 
It will be demonstrated (Section II) that, as far as one can judge from experiments 
involving a large error, the mortality-resistance curves correspond to a normal 
frequency distribution even in cases in which the mortality-time curves are asym¬ 
metrical. {b) It will also be demonstrated by means of an ideal example that if 
one attributes to the resistance of an organism values which vary around an arbi¬ 
trary average according to the probability rule, times of survival can be calculated 
on the basis of the theory. Percentage mortality plotted against these time 
values will show the same peculiar order of death of organisms as do the experi¬ 
mental curves. Furthermore, it is shown in ideal examples (which will be referred 
to in the future as “theoretical curves^*) that an increase of toxicity decreases the 
asymmetry as it does in experimental cases. (2) It is of great interest to test 
the theory on cases which are not complicated by statistical phenomena. Such 
cases are those in which the resistance is kept constant (c/. Section III). There 
are many experiments available in which the resistance and the temperature are 
kept constant while the toxicity and time of survival are varied. To be able 
to test the theory in these combinations it is necessary to assume a relation between 
the toxicity of an agent and its concentration. It is obvious that whatever this 
relation may be, it must approach a linear relation if the variation is limited to a 
sufficiently small range of concentration. For larger ranges of concentration 
the theory gives good agreement with the experiments if it is assumed that for 
unicellular organisms the toxicity is proportional to the adsorbed amount of the 
agent. (3) Cases are discussed in which the time and the temperature are kept 
constant and the toxicity (concentration of the toxic agent) and the resistance 
vary (c/. Section IV). In consequence the mortality changes with the concen¬ 
tration. (4) The relation between time of survival and temperature is studied 
in cases in which the toxicity and resistance are kept constant {cf. Section V). 

A simple relation between dose and toxicity for higher animals has so far not 
been found. In this paper the test of the theory has been restricted to the action 
of various agents on unicellular organisms. 

L The Fundamental Relationships 

Most of the different equations which have been proposed to 
express the relation between toxicity and the resistance of an organism 
do not account for the fact that at a certain, still finite value of toxicity, 
its effect becomes unnoticeable and the time of survival becomes 
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infinite,' (assuming an ideal, otherwise non-noxious environment). 
To account for this one has to assume that the noxious power (h) 
and the resistance (r) are in a state comparable to an equilibrium 
when the survival time becomes infinite in spite of the fact that the 
noxious power is greater than zero. In other words, the threshold 
value of toxicity is determined by the equilibrium. The parameter 
{ on which the time depends can be considered as the difference 
between noxious power and resistance and the equilibrium (or station¬ 
ary state) may be characterized by— 

^ = A — f = 0;/=oo 

This condition is fulfilled if 



The simplest assumption about the function / is that the variation of 
the time is proportional to the relative variation of the parameter f 
(the difference between toxicity and resistance). Thus 


(1) di = 


di 

a 


d( h - r) 


and by integration 

(2) < = — a In € -J- if = — o In (A — r) A’ 

where a and K are constants. K, the integration constant, fixes the 
zero point of the time scale and a has the character of the reciprocal 
of a velocity constant. It determines the specific effect of the param¬ 
eter { on the time in any special case. The actual numerical value 
of these constants naturally depends on the units in which time, 
disinfecting power, and resistance are measured. 

' The acceptance of the “phenol coefficient” as a relative measure of the dis¬ 
infecting power involves the assumption that the time required to kill is inversely 
proportional to the disinfecting power and proportional to the resistance. This 
relation has also been used by Reichel (29). It is, however, untenable for, if 
it were true, the same time of survival should correspond to a given ratio of re- 
sbtance and disinfecting power regardless of the organism or agent used. It will 
be shown that this is not the case. 



L. REINER 


413 


11. The Variation of the Time with the Variation of the Resistance If 
the Temperature and Toxicity Are Kept Constant 

{a) As a first application of Equation 2, the variation of the resis¬ 
tance should be calculated for a given variation of the time in the case 
of constant disinfecting power and constant temperature. Since 
there is no way to determine independently the resistance r which is 
defined by Equation 2, Equation 2 cannot be tested directly in this 
combination of the variables. It is, however, of interest to compare 
the relation between percentage mortality and resistance with that 
of percentage mortality and time and see whether or not the as)nn- 
metry characteristic of the mortality-time curves will persist in the 
mortality-resistance curves. The comparison is easily achieved 
graphically by plotting the percentage mortality first against the 
time and then against the resistance calculated from the observed 
time by means of Equation 2. To calculate r Equation 2 must be 
transformed so that K is expressed with arbitrary values of / and r 
However, for / = 0, r may be — «> . Therefore, it is most convenient 
to select for the fixed point the median time, /mcd., and the correspond¬ 
ing median resistance, rmed.. The relation of any other t to any other 
r can be calculated if Equation 1 is integrated between /mod. and /, 
that is between fmod. and r. 


(3) 



’i 


rmed. 

h-r 


; tmcii. ~ = a In 


h-r 

h ““ Tincd. 


a'In (A'~r') 


The median time can be defined in the following way: Let us imagine the organ¬ 
isms to be arranged according to their resistance and then divide the entire group 
of organisms into two groups of identical size. The median time is the time 
during which the last organism of the group, thus arranged, containing the lower 
resistances, would die, but the first organism of the group containing the larger 
resistances, would survive. The median resistance is the corresponding value of 
resistance. The median time can be determined graphically. In view of the 
fact that, in some of the experiments, records of determinations around the median 
time are very scarce, and since this would make the graphic evaluation of the 
median time somewhat arbitrary, it seemed preferable in such cases to use the 
statistical average instead of the median. This was calculated in the usual way. 
The total number of organisms dying in each time interval was multiplied with 
the mean of this time interval, these products were summed, and the sum divided 
by the total number of organisms in the group. Where used, the average time 
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is also designated by tmod. in the formulas and tables, thus indicating that the 
correct procedure would be to use the median time if there were a sufficiently 
accurate method for its evaluation. 

It must be emphasized that a' values obtained by using Equation 3 
are different for different concentrations of the toxic agents. Since 
the value of a depends on the units in which h and r are measured, 
the values of a' will depend on h — r„,od., whereas a is independent of 
this entity. The values of a and a' will be numerically equal if 
h — Tmod. equals unity. The a' values can be calculated on the basis 
of the assumption that the distribution of r is symmetrical around 
fmiHi.- Whence 

(4) h-ro = 2(h- = o' In 2; and o' = ;~r 

U.ovJl 

Values for a must be estimated from experiments in which r 
the maximum probable resistance of a group containing a certain 
number of organisms) is constant and h the concentration of a 
disinfecting agent) is varied. Mortality-resistance (r') curves, ob¬ 
tained for different concentrations of the toxic agent, would, according 
to the theory, all be identical if a' were used for the calculation of 
A' — r'. If, however, a is used for all concentrations the interesting 
effect of the concentration of the toxic agent on the shape of the 
mortality-time and mortality-resistance curves becomes apparent.^ 

Values which were calculated from experiments by Henderson Smith (30) 
on the action of 0.4, 0.5, 0.6, and 0.7 per cent of phenol on Botrytis spores are 
given in Tables I to IV and Figs. 1 to 3. The value a' was taken as /mcd./0.6931 
from the experiment with 0.4 per cent phenol and was used also for higher concen¬ 
trations. In Section III the same value was assigned to a for the calculation 
of the time and calculation of the median resistance with satisfactory results. 
It will be seen that in accordance with what has been said about the conditions 
under which a' equals a, rmod. is about 0.2 in terms of concentration of phenol, 
that is, about half of the concentration (0.4) for which a' has been calculated. 

^If for example, the disinfecting power is expressed in units of the median 
resistance, a' and a should be identical whenever the disinfecting power is double 
the resistance. Thus, a can be evaluated according to Equation 3 from that 
mortality-time curve in which the disinfecting power is practically the double 
of the average resistance. The value of a has been thus calculated in Tables I 
to IV and used for the calculation of mortality-resistance curves. 
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TABLE I 

Action of 0,4 Per Cent Phenol on Botrytis Spores {30) 


a = 91 /mod. = 92.9 min. 


t 

/rood, • 

e « 

Spores killed 

min. 


per cent 

30 

1.995 

0 

50 

1.603 

7.1 

70 

1.288 

17.2 

80 

1.153 

34.1 

90 

1.032 

44.7 

100 

0.926 

61.7 

no 

0.827 

73.7 

120 

0.743 

75.8 

130 

0.665 

83.3 

140 

0.596 

92.7 

150 

0.533 

94.6 

160 

0.478 

96.9 

170 

0.428 

98.2 


* The variation of these values (occurring in Tables I to VI) is proportional 
to the variation of the resistance but has the opposite sign. They are equal tc 
ft — r 

T -. The latter expression was used for the corresponding columns in 

^ r mod. 

Tables VII and VIII {cf. Equation 3). 


TABLE II 

Action of 0,5 Per Cent Phenol on Botrytis Spores (30) 


a = 91 /mod. = 49.91 min. 


/ 

^med. — t 

e « 

Spores killed 

min. 


per cent 

0 

1.714 

0 

20 

1.390 

5.4 

40 

1.113 

26.9 

60 

0.893 

71.1 

80 

0.718 

91.6 

100 

0.577 

97.7 

120 

0.463 

98.1 

140 

0.371 

99.2 

160 

0.298 

99.3 
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The numerical value of a' is therefore here approximately the same as that of a. 
A closer approximation could be attempted only if the experimental errors were 
smaller. In Figs. 1 to 3, the percentage mortality is plotted against the time 
and against A' — r', that is, the resultant toxicity, which varies like the negative 


TABLE III 

A dim of 0,6 Per Cent Phenol on Botrytis Spores {30) 


a — 9\ /mod. == 13.57 min. 


t 

^innd. i 

e « 

Spores killed 

min. 


per cent 

0 

1.162 

0 

3 

1.125 

4.7 

6 

1.088 

6.7 

9 

1.051 

23.4 

12 

1.018 

33.4 

15 

0.983 

54.7 

18 

0.953 

83.2 

21 

0.923 

86.2 

24 

0.894 

97.4 

27 

0.863 

99.2 

30 

0.836 

99.6 


TABLE IV 

Action of 0.7 Per Cent Phenol on Botrytis Spores (30) 


o = 91 /mcd. = 2.92 min. 


t 

^mcd. t 

e « 

Si)orcs killed 

min. 


per cent 

0 

1.033 

0 

1.5 

1.017 

28.7 

2.5 

1,005 

47.9 

3.5 

0.994 

64.0 

4.8 

0.980 

80.8 

8.0 

0.946 

97.9 

11.25 

0.913 

98.4 


value of the resistance (-r') when h! is constant. Points corresponding to /med. 
and r'med. were made to coincide. Increasing times as well as decreasing A' — r' 
values (analogous to increasing resistance) were plotted on the abscissa. The 
asymmetry of the mortality-time curve as compared with the mortality-resistance 



L. REINER 


417 


curve is demonstrated by the fact that to the left of the median line as well as 
to the right of the median line the mortality-time curve is always below the 
mortality-resistance curve which is practically symmetrical. Figs. 2 and 3 show 
that the difference between the two types of curves becomes more and more neg¬ 
ligible if h! increases, due to the fact that the variation of the resistance becomes 
negligible as compared to the difference between toxic power and resistance. 

Per cent 



Fig. 1 


Figs. 1, 2, and 3. Curves showing that asymmetrical mortality-time curves 
(-), obtained from experiments on Botrytis spores (30) with different con¬ 
centrations of phenol (0.4, 0.5, and 0.7 per cent) become symmetrical (.) 

^mcd« — f 

if the mortality is plotted against e ® 

The curves become steeper in agreement with the fact that the relative deviation 
is smaller, that is, the precision is greater. 

There is a slight asymmetry noticeable in the mortality-resistance curves. 
This is due to systematic errors for which no correction has been made. It was 
noted by Smith, and is probably true for most experiments of this type, that a 
certain number of spores die during the time of an experiment, even though they 
are not in contact with phenol. This spontaneous death of the spores amounts 





Per cent 
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to 10 to 20 per cent in some cases. In time intervals in which the death rate due 
to the action of the disinfectant is small (as at the beginning of an experiment) 
the spontaneous death rate may cause a great error.® 

In Table V, values are given which were calculated from Chick ^s (46) experi¬ 
ments on phenol and staphylococci. The corresponding curves in Fig. 4 show the 
difference in the symmetry of the two types of curves very distinctly. 

Still greater is the difference between mortality-time and mortality-resistance 
curves in the case of the action of heat on anthrax spores. The experimental 
values for this were obtained from experiments by Reichenbach (146). 


TABLE V 

Action of 0.6 Per Cent Phenol on Staphylococci (4b) 


a — 8.3 /mid. = 5.73 min. 


t 

/mod. i 

e « 

Killed 

min. 


per cent 

0 

1.99 

0 

1 

1.77 

6.9 

3 

1.39 

14.3 

4 

1.23 

21.8 

5 

1.092 

41.8 

6 

0.974 

55.4 

7 

0.858 

67.2 

8 

0.761 

79.8 

9 

0.674 

83.4 

10 

0.598 

87.2 

12 

0.470 

96.3 

15 

0.328 

98.2 


(6) On the basis of the assumption that the resistance distribution follows the 
rule of probability, the mortality-time curve can be constructed with the aid of 
Equation 3. If the average resistance of a group of bacteria is taken equal to 1 
and the actual resistance of individual organisms is assumed to vary between 
±00 according to Gauss’ probability rule with the precision 1, the probability p 
that all the organisms possess the resistance r can be obtained from Gauss’ proba¬ 
bility curve.^ The probability that organisms in p fraction of the bacteria possess a 

® The existence of this systematic error was pointed out by Yule (31). It must 
be emphasized, however, that it does not account quantitatively for the deviation 
of the mortality-time curves from the normal binomial distribution curves; e.g., 
it could not account for the fact that a certain number of organisms survive in a 
solution having a definite concentration of a disinfecting agent. 

^ The table given in Czuber’s Wahrscheinlichkeitsrechnung (Leipsic and Berlin, 
G. B. Teubner, 3rd edition, 1914) was used to obtain the values for this purpose. 
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resistance equal to or less than r is then 1. Thus, the probabilities will be the measure 
of the percentage of organisms killed and to each probability there will belong a resist¬ 
ance r obtainable from Gauss’ curve. If this value is substituted in Equation 2, where 
h is expressed in multiples of fmcd. (that is, it is measured arbitrarily in units of 
rmcd.) and if a = 1, the time can be calculated in units (multiples) of a. It is now 
possible to plot the probabilities (that is, percentage mortality) against h' — r' 
(analogous to plotting against negative resistance) and against In {h^ — r') (which 


Percent 



5.73 

Time 


Fig. 4. Curves showing that asymmetrical mortality-time curve (-) 

obtained from an experiment on 0.6 per cent phenol with staphylococci (45) 

becomes symmetrical if the mortality is plotted against e ^ (.). 

is proportional to the time) as was done with the experimental values. The 
points corresponding to /med. and fmcd. are again made to coincide on the abscissa 
and h! — r' is allowed to decrease from the left to the right, whereas t is allowed 
to increase in the same direction. 

Calculations were carried out in the manner described, first setting h = 2.5 
and fmed. = 1 and then setting = 10 and tmed. = 1. The results are given in 
Tables VII and VIII and illustrated in Figs. 6 and 7. Naturally the percentage 
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TABLE VI 


Effect Prodiiced on Anthrax Spores by a Temperature of S7^C. {14b) 
a = 16.1 /ineci. = 11.2 min. 



/mod. / 

e « 

Spores killed 

min. 


per cenl 

1 

1.882 

0 

2 

1.765 

9.54 

5 

1.471 

39.04 

10 

1.078 

53.14 

15 

0.791 

74.24 

20 

0.580 

87.14 

30 

0.312 

95.47 

45 

0.123 

99.32 

63 

0.040 

99.90 

90 

0.007 

102.14 


Per cent 



Fig. 5. Curves showing that asymmetrical mortality-time curve (-) 

obtained from an experiment on the effect of heat on anthrax spores (146) becomes 

^mcd. i 

symmetrical if the mortality is plotted against e ^ (.). 





TABLE VII 


Variation of the Time Calculated on the Basis That the Disinfecting Power is Constant 
and the Resistance Varies According to Probability 
h = 2.5 Tmod. = 1*0 



h — r 

In * “ 

Killed 


h >’med. 

h — ^niod. 

-0.40 

1.933 

0.662 

per cent 

2.38 

-0.20 

1.800 

0.588 

4.48 

0.0 

1.667 

0.510 

7.86 

+0.20 

1.533 

0.427 

12.89 

+0.40 

1.400 

0.337 

19.80 

+0.60 

1.269 

0.237 

28.58 

+0.80 

1.133 

0.125 

38.86 

+ 1.00 

1.000 

0.000 

50.00 

+1.20 

0.867 

-0.143 

61.25 

+ 1.40 

0.733 

-0.311 

71.42 

+ 1.60 

0.600 

-0.509 

80.2 

+ 1.80 

0.467 

-0.763 

87.11 

+2.00 

0.333 

-1.100 

92.14 

+2.40 

0.067 

-2.705 

97.62 


TABLE VIII 


Variation of the Time Calculated on the Basis That the Disinfecting Power is Constant 
and the Resistance Varies According to Probability 

/r = 10 fmod. = 1.0 



h-r 

A - _ 

Killed 


h ^med. 

n — fmod. 

-1.50 

1.278 

0.246 

per cent 

0.02 

-1.00 

1.222 

0.204 

0.23 

-0.60 

1.179 

0.164 

1.18 

-0.40 

1.156 

0.143 

2.38 

-0.20 

1.133 

0.125 

4.48 

0.00 

1.111 

0.105 

7.86 

+0.20 

1.089 

0.085 

12.89 

+0.40 

1.066 

0.064 

19.80 

+0.60 

1.046 

0.045 

28.58 

+0.80 

1.022 

0.022 

38.86 

+1.00 

1.000 

0.000 

50.00 

+1.20 

0.977 

-0.023 

61.13 

+1.40 

0.955 

-0.046 

71.42 

+1.60 

0.933 

-0.069 

80.20 

+ 1.80 

0.911 

-0.093 

87.11 

+2.00 

0.889 

-0.118 

92.14 

+2.20 

0.867 

-0.143 

95.52 

+2.60 

0.822 

-0.196 

98.82 

+3.00 

0.778 

-0.251 

99.76 
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_I_I_I_]_!_1 . 1_ 1 i i 

1.20 0.80 0.40 0 -0.40 -(TOO -1.20 -1.60 -2.00 -2.40 -2.80 -3.20 

^med*^ 

Fig. 6 


Figs. 6 and 7. Curves showing that symmetrical curves (-) corresponding 

to a variation of the resistance according to the probability law (Gauss) become 

asymmetrical if the probability (percentage mortality) is plotted against In- 

/t-rmed. 

(-). This expression according to Equation 3 is proportional to time. In 

Fig. 6, h — 2.5, in Fig. 7, fi — 10, and r = a = 1. Comparison of Figs. 6 and 
7 shows that the asymmetry apparently decreases if h increases. 

Per cent 



Fig. 7 
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mortality (probability of the resistance) plotted against h! — r' shows in both 
cases perfect symmetry. The percentage plotted against ln(A' — r'), that is, 
against values which according to Equation 3 are proportional to the time, re¬ 
sults in an asymmetrical curve. The asymmetry is greater if A = 2.Sr,„e4. and 
less if A = lOfmod.j for the relative variation of the difference h' — r' is smaller 
in the second case than in the first one. This is an effect, as was previously 
pointed out, which is known to persist with disinfection rate curves. 

III. Variation of the Time of Survival with the Variation of the Toodcity 
If the Resistance and Temperature Are Kept Constant 

(a) It is obvious that the relationship between time, resistance, 
and toxicity proposed above as an explanation for the asymmetry in 
the mortality curves of organisms exposed to a noxious agent must 
also be valid in cases where one is not dealing with a collective (statis¬ 
tical) phenomenon. It ought to be applicable in cases where one 
deals with a single organism or a group of organisms with ideally 
constant resistance and also in cases where one considers only one 
particular organism present in a group; e.g., the one which possesses 
the median resistance or the maximum resistance. A great many 
experiments of the latter type are available in the literature. The 
application of Equation 2 to some of these cases will now be discussed. 
Experiments were selected so that the various noxious agents are very 
different in their chemical nature. The organisms used in these 
tests are also of very different nature but all are unicellular. If r 
is kept constant (r*) and h varies. Equation 2 can be written in the 
following way: 


(5) a In ^—~ =tn-ti 

hn — ri, 

and solving for r* one obtains— 


(6) f* 


U - It 

k^-Ke " 


l-e 


«n -«l 

a 


In order to apply Equation 5 to experimental values, h has to be 
expressed as a function of the concentration. While this function 
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is not known so far, one can assume, for sufficiently small variations 
of A, that A A ~ A c, and 

, o — r« 

(7) a In-= /» - /i 

Cn -U 

where c means concentration. 

Equation 7 is similar to one proposed by Ponder (27). The validity 
of Equation 7 is restricted to cases in which A ~ c, or to a range in 
which A h A c. To calculate a one takes experimental values in 
which in is very large. In these experiments lu is nearly equal to r 
for A approaches r if approaches infinity. In practical cases it 
suffices to select experiments in which /„ equals a few hundred minutes 
in order to obtain an r value which differs from the correct one by 
but a few per cent at the most, a can then be calculated from two 
other experimental values according to the formula: 


tn-h 



or if A = c 




In 


f 1 - fe 


Cn — Tc 


= a 


After having thus obtained a the remaining experimental values 
obtained for other concentrations of the toxic agent can be used to 
calculate Tk according to Equation 6, or if A can be taken as propor¬ 
tional to c, according to the analogous equation— 

tn-h 


l-e “ 


The average of the r values thus obtained from a set of experiments 
can be used to recalculate a and the corrected values of r can be 
obtained, and so forth. If experimental values for long survival 
times are not available, a and r will first have to be estimated. 
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The median resistance of Botrytis spores against phenol was calculated in the 
manner described from experiments by Henderson Smith (30). It was found 
that the median resistance obtained from experiments with different phenol 
concentrations is, as expected, fairly constant. The survival time (cf. Table IX) 
was calculated with the aid of the average of the median resistance. The agree¬ 
ment between the calculated and experimental values is satisfactory with the 
exception of the value corresponding to the highest concentration and the shortest 
survival time. 

TABLE IX 

Action of Phenol on Botrytis Spores (30) 

Calculation of the average resistance and of the time according to Equations 
7 and 8. 

a = 91 


c 

^med- 

(found) 

i 

(calculated) 

^med. 

(from 1 and n) 

per cent 

min. 

min. 


0.4 

92.9 



0.5 

49.91 

49.6 

0.232 

0.6 

13.57 

20.1 

0.256 

0.7 

2.92 

-1.74 

0.222 




Average fmod. = 0.237 * 


Concerning the relation between concentration and disinfecting 
power, it seemed justifiable to assume that the first step of the process 
is the fixation of the agent on, or its entrance into, the cell. Since 
the cell represents a heterogeneous phase and since the experiments 
suggested that the accumulation of the agent in the cell is not propor¬ 
tional to the concentration, as it ought to be if the process follows 
the laws prevailing in solutions, it seemed proper to consider the 
possibility that the accumulation of the agent is due to its adsorption 
by the cell. If this were really the case, toxicity might be proportional 
to the adsorbed amount of the toxic agent throughout a fairly large 
concentration range. It was assumed that the function describing 
the relation between the toxicity and concentration, is similar to the 
well known type of function which describes the relation between the 
concentration and the amount adsorbed by a heterogeneous phase. 

According to Langmuir (32), the amount (A) adsorbed by a square 
centimeter of a substance is 

KiKiC 


Xac + 1 
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If h is proportional to A it should also be proportional to —— where 


1 


C + 7 


= —It is obvious that if 7 is sufficiently large, or if the variation 

Kt 

of the concentration is sufficiently small Ahr^Ac and thus for a small 
range Equation 5 can be used. However, by putting h = —-— 

C + 7 

in Equation 5 one obtains Equation 9 which has a much wider range 
of applicability as can be seen from the examples given below. 


Cl 


(9) 


c\-\‘y 


— n tn-h 


Cn 


Cn + y 


- fk 


and 


Cn 


( 10 ) = 


ci + y Cn + y 

tn-ti 

1 ® 


tn-h 

e a 


7 could be calculated from the adsorption isotherm of a toxic agent 
onto a given organism, if this were known. These isotherms have 
not been determined so far, hence 7 must be estimated. 

In Table X and Fig. 8, data are presented which were calculated from experi¬ 
ments by Chick (4 a) and by Watson (33) on the action of phenol on B, para- 
typhosus. Since the range of concentration used in this set of experiments was 
small, both methods of calculation (that according to Equations 9 and 10 and 
that according to Equations 7 and 8) yield equally satisfactory agreement with 
the experiments. 

Experiments by Chick (4a) on the action of silver nitrate on B. paratyphosus 
are given in Table XI and Fig. 9. The time and the resistance were calculated 
according to Equations 9 and 10. In spite of the fact that the range of concen¬ 
tration used in these experiments is very large, the agreement between calculated 
and observed values is satisfactory. Calculations on the basis of Equation 7 
did not give constant values for the resistance and if the extrapolated threshold 
concentration was taken as equal to the resistance, the calculated times showed a 
considerable systematic deviation from the experimental values. 

In the case of the action of mercuric chloride on B. paratyphosus, according 
to experiments by Chick (4 a), experimental values and calculated values agree 



TABLE X 


Action of Phenol on B. paratyphosus {33) 

Calculation of the time according to Equations 7 and 9, and of the resistance 
according to Equations 8 and 10. 

Disinfecting power taken proportional to concentration (te and r^). 
Disinfecting power taken proportional to the adsorbed amount {h and r*). 


o = 150 7 = 0.5 = 0.498 r* - 0.499 


c 

A - 

t 

(found) 

ic 

(calculated) 

(calculated) 

fe 

n 

" cn-^y 

per cent 


min. 

min. 

min. 



0.800 

0.615 

45 





0.750 

0.600 

75 

72 

65 

0.523 

0.529 

0.700 

0.583 

105 

105 

93 

0.474 

0.506 

0.650 

0.565 

125 

148 

129 

0.298 

0.443 

0.600 

0.545 

225 

208 

184 

0.548 

0.523 

0.550 

0.523 

440 

309 

281 

0.534 

0.517 

0.500 

0.500 

690 

797 

760 

0.489 

0.494 


Pep cent 



Fig. 8. Curve showing the relation between concentration and time of survival 
for the case of phenol and B, paratyphosus (33). 

o « experimental values. 

X = calculated values; disinfecting power taken as proportional to the concen¬ 
tration. Equation 7, o = 150 r« *= 0.498. 

T » calculated values; disinfecting power taken as proportional to the adsorbed 
amount. Equation 9, 7 — 0.5 a — 150 r* — 0.499. 
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TABLE XI 


Action of Silver Nitrate on B. paratyphosus (4a) 

Calculation of the time according to Equation 9, and of the resistance according 
to Equation 10. 

Disinfecting power taken proportional to the adsorbed amount. 


o = 70 7 = 0.0001 fH = 0.400 




t 

(found) 

(calculated) 

rh 


per cent 


min. 

min. 


0.085 

0.9988 

0.75 



0.017 

0.9941 

1.5 

1.3 

0.56 

0.0085 

0.9883 

2.5 

2.0 

0.75 

0.0017 

0.9444 

6.5 

7.4 

0.43 

0.00085 

0.895 

22.5 

14.0 

0.75 

0.00017 

0.629 

56.0 

68.1 

0.41 

0.000085 

0.459 

140.0 

163.2 

0.43 



Fig. 9. Curve showing the relation between concentration and time of survival 
for the case of AgNOa and B, paratyphosus (4a). 
o = experimental values. 

X = calculated values (Equation 9). y *= 0.0001 a = 70 ta = 0.400. 
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only if one assumes that the toxicity of mercuric chloride is a function of the 
mercury ions present in the solution. The variation of the concentration of 
mercury ions remains small even though the variation of the concentration of 
the mercuric chloride is considerable, hence calculations according to Equation 9 
and Equation 7 yield equally satisfactory results. For the ionization of mercuric 
chloride the values of Kahlenberg (34) were taken as quoted by Chick (20). 
(C/. Table XII and Fig. 10.) 

Measurements made by Gregerson (35) on the action of phenol on staphylococci 
cover a large range of concentration. Neither values calculated according to 

TABLE XII 

Action of Mercuric Chloride on B. paratyphosus (4a) 

Calculation of the time according to Equations 7 and 9, and of the resistance 
according to Equations 8 and 10. 

The disinfecting power taken as proportional to the Hg+‘‘' concentration (h 
and re). 

The disinfecting power taken as proportional to the adsorbed amount of Hg+'‘‘ 
(tk and rh). 

a = 38 7 = 30 fc = 16.4 rn = 0.353 

c = concentration of Hg++; figures are proportional to concentration of Hg'‘'+. 


c 

‘1 

Cn + y 

t 

(found) 

te 

(calculated) 

tk 

(calculated) 

re 

fh 



min. 

min. 

min. 



63 


1.5 





57.5 

0.657 

7 

6 

4 

21.4 

0.528 

42.5 

0.586 

13 

24 

14 

-45.3 

0.169 

37 

mSm 

10 (?) 

33 

20 

29.9* 

0.540* 

23 


65 

76 

55 

18.7 

0.396 

16.5 

0.354 

230 

236 

222 

16.4 

0.352 


* Calculated from values 2 and 4. 


Equation 7, nor those calculated according to the assumption that the toxicity 
is proportional to the adsorbed amount of phenol (Equation 9) fit the experimental 
curves. The deviation, which is comparatively small in the latter case, can 
tentatively be explained by the fact that in this case at high concentrations the 
toxicity of the phenol is not strictly proportional to the adsorbed amount because 
in the concentrations used (up to 3 per cent) hypertonicity of the solution due to 
the osmotic pressure of the phenol adds to the toxic effect. This explanation 
seems more probable than any assumption of the existence of a systematic error 
due to the fact that, if the time is very small, the error becomes very great for 
the time required to establish equilibrium through diffusion is then of the same 
order as the survival time, namely a few seconds. (C/. Table XIII and Fig. 11.) 
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It is of interest to note that the agreement between experimental and calculated 
values is good in the case of silver nitrate and paratyphoid bacilli, although the 
range of the variation of the concentration is greater than in the case of phenol 


Pep cent 



Fig. 10 Curves showing the relation between concentration of HgCk and time 
of survival for the case of mercuric chloride and B. paratyphosus (4 a). Curve 

(-), time plotted against HgCU (parts in 100). Curve (-), time 

plotted against numbers proportional to Hg+^ concentration, 
o = experimental values. 

T = calculated values; disinfecting power taken as proportional to the concen¬ 
tration of Hg++ (Equation 7). a = 38 r® = 16.4. 

X = calculated values; disinfecting power taken as proportional to the adsorbed 
amount of Hg++ (Equation 9). ^ = 30 a = 38 tk = 0.353 

For numbers proportional to the Hg*’"*' concentration, see Table XIV. 

and staphylococci. The probable reason for this is that the osmotic effect of the 
highest concentration of silver nitrate is still negligible. 

It has been mentioned above that, in the case of hemolysis by saponin and 






TABLS Xm 


Action of Phenol on Staphylococci {35) 

Calculation of the time according to Equations 7 and 9 and of the resistance 
according to Equations 8 and 10. 

Disinfecting power taken as proportional to the concentration (/« and rc). 
Disinfecting power taken as proportional to the adsorbed amount (/* and r*). 


a = 50 Y = 0.1 r« = 0.490 r* = 0.8330 


c 

1- 

t 

(found) 

te 

(calculated) 

(calculated) 

fe 

th 

" Cn + y 

per cent 


min. 

min. 

min. 



3.0 

0.9677 

0.187 





2.5 

0.9615 

0.375 

11.3 

2.5 

-133 

0.73 

2.0 

0.9523 

1.0 

25.6 

6.3 

-38 

0.22 

1.75 

0.946 

1.5 

34.7 

9.0 

-27 

0.31 

1.50 

0.937 

3.0 

45.8 

12.8 

-6.7 

0.66 

1.25 

0.926 

8.0 

60.0 

18.8 

-1.14 

0.82 

1.00 

0.909 

20.0 

! 79.8 

28.8 

0.077 

0.84 

0.875 

0.897 

30.0 

93.9 

37.4 

0.31 

0.84 

0.750 

0.882 

75.0 

113.8 

50.7 

0.67 

0.87 

0.625 

0.861 

90.0 

146 

78.7 

0.27 

0.80 

0.500 

0.8333 

300 

277 

305 

0.50 

0.83 


Ber cent 



Fig. 11. Curve showing the relation between concentration and time for the 
case of phenol and staphylococci (35). 

o «= exi>erimental values. 

T = calculated values, disinfecting power taken as proportional to the concen¬ 
tration. (Equation 7). o = 50 fo = 0.490. 

X » calculated values; disinfecting power taken as proportional to the adsorbed 
amount (Equation 9). y “ 0.1 a *= 50 r* “ 0.8330. 
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other agents, Ponder (27, 28)® has derived equations which he has tested on exact 
measurements of his own. It was of interest to see whether or not Equations 
7 and 9 would give satisfactory agreement with the experimental values in this 
case also. Moreover, to test the equation on Ponder's measurements was interest¬ 
ing, because the material used in his experiments is so very different from the 
microorganisms and disinfecting agents which have been discussed and also because 
Ponder and Yeager's (28) measurements were much more exact than those made 
on disinfectants. In Table XIV the results of the calculations are compared 
with the experimental data. Values calculated according to Equation 9 gave 
very good agreement with the experimental data, whereas values calculated 
according to h^quation 7 showed a systematic deviation from the experiments 

TABLE XIV 

Action of Saponin on Mammalian Red Cells {28) 

Calculation of the average time according to Equation 9 and of the resistance 
according to Equation 10. 

a = 4 7 - 0.005 


c 

L _ 

+ T 

(found) 

fined. 

(calculated) 

^med. 

(from 1 and «) 

per cent 


min. 

min. 


0.00125 

0.713 

7.91 



0.00143 

0.741 

5.50 

5.51 

0.681 

0.00167 

0.769 

4.17 

4.02 

0,677 

0.00200 

0.800 

2.87 

2.83 

0.680 

0.00250 

0.834 

1.73 

1.83 

0.680 

0.00333 

0.870 

0.95 

1.00 

0.679 





Average fmed. ” 0.679 


and hence were omitted from the table. Equation 7 was not applicable, although 
the range in which the concentration varied was comparatively small. This is 
probably due to the fact that saponin is high in capillary activity, hence the 
adsorption is not proportional to the concentration even at low concentration.® 
{h) In analogy to the theoretical mortality-time curves, one can construct 
a set of theoretical concentration-time curves by measuring the time in units of a 
and the toxicity in units of r (the constant resistance). If 7 is very great, h 
becomes proportional to the concentration. The shape of this curve together 


® I am indebted to Dr. Ponder for calling my attention to his interesting papers 
and for discussing them with me. 

^/med. was interpolated in this case. 
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with that calculated for a moderate y is given in Fig. 12 and the corresponding 
calculated values in Table XV. 



Fig. 12. Curve showing the theoretical relations between time and disinfecting 
power, the latter measured in multiples of the constant resistance, the time being 
measured in units of a (a = 1). , 

-T the disinfecting power taken as proportional to the concentration 

(Equation 7). 

.X the disinfecting power taken as proportional to the adsorbed amount 

(Equation 9). 

The shapes of the concentration-time curves are different for different organ¬ 
isms and toxic agents and are characteristic for a given organism and toxic agent. 
The shape is determined by the constants, a, y, and r. y determines mainly the 
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slope of the vertical branch of the curve, while r determines the position of the 
horizontal branch. 

It is difficult to test Equation 2 for cases in which the toxic agent is injected 
into higher animals, for the relation between toxicity (A) as defined in this paper 
and the dose is not known. It seems to be hazardous to make any assumption 
about this relation since the conditions are certainly very complicated. 
Mechanical distribution in the blood stream, diffusion through the tissue, specific 
site of noxious action, excretion, and chemical transformation should be taken 
into consideration. The shape of the dose-time curves must, however, be similar 
to that of the curves given in Fig. 12. 


TABLE XV 

Relation between Time and Disinfecting Power 
Disinfecting power taken as proportional to concentration (c). 
Disinfecting power taken as proportional to the adsorbed amount (A). 
7=1 a = I = 0.110 fk == 0.099 


c 

, Cl — re 

Cn — fe 


n 

1 1 

i 

9 


0.9 


4 

0.358 

0.8 

0.0577 

2.33 

0,602 

0.7 

0.125 

1.50 

0.807 

0.6 

0.204 

1.00 

1.000 

0.5 

0.300 

0.667 

1.202 

0.4 

0.425 

0.428 

1.447 

0.3 

0.600 

0.250 

1.803 

0.2 

0.900 

0.111 

3.95 

0.1 

2.904 


IV, Variation of Percentage Mortality {Probability of Resistance) with 
Variation of the Concentration, If the Time and 
Temperature Are Constant 

It appears from Equation 2 that if the time is constant, the differ¬ 
ence between toxicity and resistance must remain constant, that is, 
changes in the toxicity involve equal changes in the resistance. If 
in = /i Equation 3 can be written as— 

(11) - - = 1 and Ai — Aa = rj - r„ 

hn — Tn 

C\ Cn 

-=s ri — fn 

Ci + y Cn-{-y 


or 
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Since in this case the percentage mortality is the expression of the probability 
that all the organisms present have a resistance equal to or smaller than the toxic 
power, the mortality-resistance curve is a symmetrical variation curve (Gauss* 
probability curve). Consequently the percentage mortality plotted against 
the toxicity must also result in a symmetrical variation curve. This, however, 
does not necessarily hold for the mortality-concentration curves, for as a rule 
the concentration b not a linear function of the toxicity. If the variation of the 


Pep cent 



Units proportional to concentration 


Fig. 13. Curves showing the variation of the percentage of Macrosporiutn 
killed by H 2 S at a certain time (36). The asymmetrical mortality-concentration 
curve (-0“©-) tends to become more symmetricalif the mortality is plotted against 

the adsorbed amount ~ ~ (X• • • X* •)• 

c + y 

resistance in a group of organisms is small, the difference between the concentra¬ 
tion of the toxic agent which kills a detectable number of the organisms and that 
which kills all of them, will be small and in the corresponding range of concentra¬ 
tion the latter will be proportional to the toxicity. In this case the mortality- 
concentration curve should be symmetrical. If the variation of the resistance 
is great, the corresponding variation of the concentration will also be great and 
the toxicity will not be proportional to the concentration. In this case the mor¬ 
tality-concentration curve should be asymmetrical. 
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Most of the mortality-concentration curves given in the literature are sym¬ 
metrical. The asymmetry is certainly not great enough to offer an opportunity 
to test the validity of Equation 11. McCallan and Wilcoxon (36) have observed 
mortality-concentration curves which were asymmetrical. In this case, if the 

percentage mortality is plotted against —-— (where y is estimated) the asym- 

c 4- 7 

metry becomes less conspicuous (cf. Fig. 13).^ 

V. Variation of the Time with the Variation of the Temperature If the 
Concentration and Resistance are Constant 

The effect of temperature on the survival time of organisms exposed to a toxic 
agent has been studied by Kronig and Paul (1), Chick (4), Reichel (19), and 
others. It was found more or less empirically that the time is an exponential 
function of the temperature analogous to that proposed by Arrhenius for the 
temperature coefficient of the velocity constants of chemical reactions. In 
Equation 2, a is the only constant which necessarily varies with the temperature. 
The reciprocal of a has the character of a velocity constant and thus it is not 
surprising that it follows a law similar to that of the velocity constant of chemical 
reactions. 

For a temperature T and 

hr. - fTo 
hr — TT 

Taking into consideration that hr = and rj = rx^ and assuming that 

— = — one derives - = -; and if a = 
a Oo a Oo 


( 12 ) t = 

which is the equation used by Chick, Reichel, and others. 

Table XVI and Fig. 14 show that in the case of the action of 1 per cent phenol 
on B, paratyphosus at different temperatures (Chick, 4a) the values of a in Equa- 


^ After completion of the manuscript it was noted that unpublished experiments 
by A. C. White are quoted in the recently issued monograph by Clark (21). In 
these, mortality-dose curves are compared with mortality curves plotted against 
a non-linear function of the dose. The function used is similar to an adsorption 
isotherm. It is noted that, whereas the distribution of survivals is normal if 
plotted against this function of the concentration, it becomes asymmetrical when 
it is plotted against the concentration. This is a result which is in full agreement 
with the theory discussed in this paper.—At the time of proof-reading, appearance 
is noted of a theoretical consideration of the relationship of dose to time (Gehlen, 
W., Arch. Exp. Path, u, Pharm,^ 1933, 171, 541). 
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tion 12 are fairly constant. The time calculated with the average of a is in satis¬ 
factory agreement with the experimental data. According to these results, if all 
the conditions except the temperature are kept constant, the survival time is 
determined by Equation 12. 


TABLE XVI 

Time of Survival of B, paratyphosus Exposed to 1.0 Per Cent Phenol at Different 

Temperatures {4a) 

Time calculated according to Equation 12. 



Time 


Fig. 14. Curve showing the relation between temperature and time of survival 
for the case of the constant disinfecting power of 1 per cent phenol on B. paraty¬ 
phosus at different temperatures (4a). 
o = experimental values. 

X = calculated values on the basis of Equation 12 {cf. Table XVI). 
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TABLE XVII 

The Effect of Temperature on the Time of Survival of Anthrax Spores (37) 
Time calculated according to Equation 12. 


Temperature 

(T) 

Time (/) 
(found) 

a 


Time 

(calculated) 

degrees absolute 

min. 



min. 

360.0 

90 


16.1* 


363.4 

14.7 

70,000 

4.39 

24.5 

365.7 

8.7 

54,041 

1.85 

10.3 

367.2 

5.0 

53,200 

1.048 

5.9 

370.45 

3.16 

42,848 

0.316 

1.8 

374.2 

1.14 

41,400 

0.083 

0.5 

378.3 

0.43 

39,791 

0.019 

0.11 



Average — a — 50,213 




* This value was taken from Reichenbach’s experiment (cf. Table VT, Fig. 5). 
% 



Fig. 15. Curve showing the relation between temperature and time of survival 
for the case of the effect of heat on anthrax spores (37). 
o = experimental values. 

X = calculated values on the basis of the assumption that the disinfecting power 
due to heat is constant (Equation 12). Cf. Table XVII. 
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The killing of microorganisms at high temperatures is usually considered as a 
result of killing power due to heat. While it is questionable whether h, the killing 
power, is changed or not if all conditions except the temperature are kept constant, 
it is conceivable that the noxious action due to heat is a constant and that it is 
merely the constant a which decreases when the temperature increases and thus 
the time of survival is shortened. 

Survival times of anthrax spores have been calculated from experiments by 
Ballner (37) by calculating first a for different time intervals and then the time 
with the average of «. Values for a for different time intervals show a distinct 
trend possibly indicative of the fact that the disinfecting power is itself a function 

K K 

of the temperature or that the assumption that — = -- is not correct in this case. 

a Co 

The deviation might, however, also be caused by a systematic error due to lack 
of precision in the determination of the time at which the exposure to this tem¬ 
perature has been discontinued. (C/. Tabic XVII and Fig. 15.) 

DISCUSSION 

In considering the agreement between experimental and theoretical 
values it must be remembered that disinfection experiments are sub¬ 
ject to a considerable experimental error, the sources of which have 
been discussed extensively before. Added to this is the fact that the 
theoretical time values imply that the probability of the resistance 
under consideration having the assumed value is 1. This probability 
can only be approached but never attained. In other words the 
theory of probability ascribes for the »th bacterium of a group ar¬ 
ranged according to their resistance, a definite resistance. Whether, 
in a certain determination, the nth organism will actually have this 
resistance, or a different one, cannot be predicted. It will depend 
on the errors of the method which have themselves the character of 
probable errors and cannot be distinguished from the actual varia¬ 
tions of the resistance which also follow the probability rule. The 
error will be especially great when the concentration approaches the 
threshold value of the resistance, for a very small deviation in the 
percentage mortality will produce a considerable variation in the 
time. However, the slope of the curve at this point is practically 
zero and thus the calculated and experimental points will still fall 
on the same curve. This is the reason why the agreement appears 
to be much better according to the curves given in this paper than 
according to the tables. 
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It must also remain undecided whether the variation of the resist¬ 
ance in a group of organisms is actually due to the fact that the 
resistances of individual organisms are different and distributed 
according to the probability rule or due to the fact that the process 
of dying lacks precision and causes the time of survival to be different 
although the resistance of the organisms is the same. If the latter 
were the case, and if an experiment could be repeated with one and 
the same organism several times, it should lead each time to a different 
result and the distribution of the observed times should be the same 
as that which can be observed in one experiment with a group of 
organisms (this could be achieved in a case in which the noxious action 
is reversible; i.e., narcosis). 

Any noxious agent acting on a unicellular organism can be character¬ 
ized by the value of three constants: (1) the resistance, which is the 
threshold value of the toxic power which a certain organism can stand 
without a lethal effect,® (2) the constant a which determines the time 
which is required for the completion of the destruction of the organism 
if the difference between the toxicity and the resistance is unity. 
Thus, two agents which kill an organism in the same concentration 
at the same time are not necessarily identical. Their apparently 
similar behavior might have different causes. Against the first agent, 
the organism in question might have a very low resistance but the 
value of the constant ai might be very great. Against the second 
agent, the resistance of the organism might be very high but 02 might 
be very small. If the constant a is very large it is customary to speak 
about a slow disinfecting agent. If a large a is combined with a large 
variation of the resistance, most of the organisms will be killed pro¬ 
vided that the observation is extended for a sufficiently long time, 
but some might survive. They start to propagate but most of the 
newly formed organisms, being exix)sed, will also succumb. A 
stationary state may develop. Agents having this effect on bacterial 
suspensions are called growth-inhibiting agents. It seems that there 
is no fundamental difference between them and disinfecting agents. 
Although in general (e.g., for higher organisms) there is no way to 
measure the toxicity and thus no way to measure the resistance, in 

® The damaging effect of sublethal concentrations of certain agents seems to 
play an important r61e in the action of the so called chemotherapeutic agents. 
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the case of unicellular organisms it seems that the toxicity is a function 
of the concentration which is similar to an adsorption isotherm. 
Since thus the relation between toxicity and concentration is known, 
the toxicity and resistance can be expressed in terms of concentration. 
(3) In order to be able to calculate the toxicity from the concentration 
even in arbitrary units the knowledge of a third constant y is required. 
The value y indicates whether at the concentration in question the 
organism is nearly saturated with the agent or whether around this 
concentration the agent is bound proportionally to the concentration. 
Thus, two agents which would kill a certain organism in the same 
concentration and in the same time need not be identical even though 
the constant a is the same, for the one agent might be a strongly 
noxious agent but scarcely bound at all, whereas the other might be a 
weakly noxious agent but very well adsorbed. 

These examples illustrate the interesting possibilities which are 
offered by the application of Equation 2 to the characterization and 
test of toxic agents. A discussion of the practical application together 
with criticism of present methods based on the viewpoints presented 
in this paper will appear later. 

It is to be expected that the given relationship can be applied to 
various biological and phannacological phenomena, the common 
feature of all of which is the existence of a time factor and of a thresh¬ 
old value. 


SUMMARY 

1. A relation between toxicity, resistance, and time of survival has 
been derived on the basis of the assumption that the time is a function 
of a parameter which is the difference between the toxicity and the 
resistance. Toxicity and resistance act like forces which can maintain 
an equilibrium-like (or stationary) state. If the equilibrium is upset, 
the time at which the event (death) occurs is proportional to the 
logarithm of the difference between toxicity and resistance. 

2. It was found that if values proportional to the resistance are 
calculated with the proposed equation and the percentage mortality 
plotted against them (instead of against the time as is usual) sym¬ 
metrical curves are obtained even though the corresponding mortality¬ 
time curves are asymmetrical. Assuming that the resistance varies 
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like an error, that is, according to probability rules, theoretical mor¬ 
tality-time curves, similar to the experimental curves, can be con¬ 
structed from the proposed equations. 

3. In the case of a toxic agent acting on a unicellular organism 
suspended in solution, the toxicity is proportional to the adsorbed 
amount of the agent, as calculated with the aid of the Langmuir 
equation. In small concentration ranges the toxicity can be taken 
as approximately proportional to the concentration. 

4. The variation of the temperature affects mainly the constant a 
which is a function of the temperature similar to that of the velocity 
constant of a chemical reaction (Arrhenius’ law). 

5. The proposed equation has been tested in four different combina¬ 
tions of the variables, concentration, resistance, time, and tempera¬ 
ture. The agreement with the experiments is satisfactory. 

6. Any noxious agent acting on a unicellular organism may be 
characterized by three constants: r, the resistance, which is the 
threshold value at which the agent is still fatally toxic for the organ¬ 
ism; a, the reciprocal of the rate constant determining the specific rate 
(that is, the time corresponding to a difference of 1 between the 
toxicity and the resistance); and finally the constant y of the function 
representing the relation between toxicity and concentration. 

The writer is indebted to Miss Alma J. Champlin for valuable 
assistance in the collection of experimental data, calculations, and 
preparation of the manuscript. 
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INTRODUCTION 

Although sea water contains very much more sodium than po¬ 
tassium the latter predominates in the cells of many marine organisms. 
Presumably this is because it penetrates the protoplasm more rapidly. ‘ 

A like situation in models affords a favorable opportunity to study 
certain variables which may be important in living cells. 

In these models^ electrolytes pass from an outer aqueous layer A 
(Fig. 1) through a non-aqueous layer B (representing the protoplasm) 
into an inner aqueous layer C (which may be called “artificial sap”); 
the latter consists at the start of distilled water and CO 2 bubbles in 
it throughout the experiment. 

All three layers are stirred mechanically but at the phase boundaries 
are unstirred layers {A^BoBi, and Cg) in which the movement of 
electrolytes depends on diffusion. The layers Bo and Bi, in which 
diffusion is slowest,’ regulate the process of penetration. 

In these experiments A contained KOH and NaOH which had been 
previously shaken up with a non-aqueous mixture consisting of 70 
per cent guaiacol -1- 30 per cent />-cresol (which will be called G. C. 
mixture). As a result KOH combined with the constituents of the 
non-aqueous phase to form organic salts which may be lumped to¬ 
gether* and called collectively KG, the corresponding designation for 

* Osterhout, W. J. V., Biol. Rev., 1931, 6, 369; Ergebn. Physiol., 1933, 36, 967, 

’Osterhout, W. J. V., and Stanley, W. M., J. Gen. Physiol, 1931-32, 16, 667. 

’ See p. 448. Also Osterhout, W. J. V., J. Gen. Physiol, 1932-33,16, 529. 

* This introduces no serious error since the behavior of the organic salts seems 
to be very similar. Cf. footnote 2. 
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the sodium salts being NaG. We therefore have to do with the pene¬ 
tration of KG and NaG. 

In the preceding paper® it was assumed that the rate of penetration 
of potassium is proportional to the concentration gradient in the non- 
aqueous layer B. This gradient may be regarded as K, — K<, where 
Ko represents the concentration of undissociated KG in the outer sur¬ 
face of Bo, and K< that in the inner surface of Bi (the corresponding 
designations for sodium are Nai and NaO- 

On reaching C, KG and NaG come in contact with CO 2 and form 
KHCOa and NaHCOs. This raises the osmotic pressure in C so that 


Stirred Unstirred Stirred Unstirred Stirred 



(dc^ueoae) (non-acjucous) 





Fig. 1. Diagram of layers in the model. The aqueous phase A has an unstirred 
layer which is represented between d and c ; from c to / is the corresponding un¬ 
stirred layer in the non-aqueous phase B. Similar layers are present at the bound¬ 
ary between the non-aqueous phase B and the aqueous phase C. 


water enters from A. PNcntually a steady state is reached in which 
water and salts enter in a fixed ratio and the volume of C increases 
while its composition remains constant. This appears to be analogous 
to what happens in living cells. 

Previous studies® indicate that the rate of entrance is proportional 
to K^ — K<: it is also proportional to the diffusion constant. Hence 
we may write as an approximation 

Rk. = C.z>k(k. - K.) 


® Osterhout, W. J. V., J. Gen. Physiol., 1932-3,3,16, 529. 

®This equation takes no account of the entrance of water. Regarding the 
significance of the “constants” see Osterhout, W. J. V., /. Gen. Physiol., 1932-33, 
16, 529. 
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Here is the rate of entrance of moles of potassium into C and Dj^ the 
diffusion constant of undissociated KG in B. Using a corresponding 
notation for sodium we have 

^ ^ CiZ)k(K^ - K'd 
Rtia. CiDNa(Na^ - Na!) 

Cl and C 2 are “constants” ® which depend on the rate of stirring, the 
surface area, and shape of B, etc., and when they arc the same for KG 
and NaG cancel out. 

This equation permits only qualitative predictions because the ratio 
(Ko — K') (Na'o — Na<) changes during the process’ and several 
disturbing factors intervene (p. 455). 

Let us now consider K^ and KJ. We may make the usual assump¬ 
tion that on each side of the phase boundary there are very thin layers 
in approximate equilibrium with each other. Hence if the total con¬ 
centrations of potassium (KG -h KOH -j- KHCO3) in the aqueous sur¬ 
face layers be K„ and Kj we may put 

—-jKo and — •jk»> 

where 5^^ and are the partition coefficients or absorption coeffi¬ 
cients. * 

Hence we may put 

/^Na yJNa/-5Na„Na„ — 6Nii,Nai 

In view of this a knowledge of diffusion constants and partition 
coefficients becomes desirable. 

Diffusion Constants 

When only KG is present the meaning of the diffusion constant 
requires no comment, but when we add NaG it will affect the value of 

’ The behavior of this ratio depends on the magnitudes of the partition coeffi¬ 
cients as well as on their ratio. See p. 449. 

* CJ. Irwin, M., Proc. Soc. Exp. Biol, and Med., 1928-29, 26, 125; 1931-32, 
29, 993, 1234; J. Gen. Physiol., 1928-29, 12, 147, 407. 
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The divergence will be small in guaiacol (in which KG and NaG 
are very weak electrolytes)* but may be larger in water: this latter, 
however, does not concern us since for our purposes the diffusion in 
water may be regarded as negligible. Similar reasoning applies to 
the diffusion constant Z^Na- 

Let us now consider the ratio 4- Djja- Ii' order to determine this 
the diffusion apparatus of Northrop and Anson** was used. The 
upper part was filled with G. C. mixture containing equal concentra¬ 
tions of KG and NaG which were allowed to diffuse into the lower 
chamber containing G. C. mixture. The result showed that Z?k is so 
close to Z^Na that for our purposes they may be regarded as equal. 

Similar tests in which water was employed as the solvent showed 
that KG and NaG diffuse ten to eleven times as fast in water as in 
G. C. mixture (this result is due in part to the higher viscosity of the 
G. C. mixture"). Hence the diffusion through the unstirred aqueous 
layers Ab and Cb is so rapid that it may be neglected in the subsequent 
discussion. We need only consider the slow diffusion in the non-aque- 
ous layers Bo and 


Partition Coefficients 

Evidently the diffusion constants, and Z)^*, are too similar to 
account for the experimental fact that potassium enters C much faster 
than sodium. It would seem that the partition coefficients must be 
responsible for this difference. 

In order to clarify the role of the partition coefficients let us first 
consider an hypothetical system in which KG and NaG are very weak 
electrolytes \a A, B, and C, and in which C contains no CO 2 . Let the 
values of K* and Na<, be constant at 0.05, the values'* of 5 k, and Sg^ 
being 0.62, those of 5Na, and 5^^,. being 0.29, and those of Dg and 

• This has been shown by a group of physical chemists whose results will shortly 
be published. 

*® Northrop, J. H., and Anson, M. L., J. Gen. Physiol., 1928-29,12, 543. 

" The viscosity of water at 30.73°C. in C. G. S. units is 0.007905 and that of 
guaiacol at 30°C. is 0.0445. Cf. Landolt, H., and Bomstein, R., Physikalisch- 
chemische Tabellen, Berlin, Julius Springer, 5th edition (Roth, W. A., and Scheel, 
K.), 1923, 1, 135, and 1931, suppl. vol. 2,102. 

** These vary with concentration but we may assume for purposes of calculation 
that 5 kg,- is constant as well as 5 kc,- 
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being equal. A simple calculation^* indicates that in the early part 
of the experiment potassium should enter C faster than sodium and 
that Ki -f- Na< should be less than 5 k, The experiments 

bear this out. The calculation is as follows: 

Let us suppose that the unstirred layers are so thin that the concentration 
gradient in B is approximately linear and that C is a mere film, only a few mole¬ 
cules thick, and contains at the start only distilled water, the bubbling of CO 2 
being omitted. Let us now consider a layer in B of the same thickness as C ad¬ 
joining the interface: this will be called Bis. For convenience we suppose the 
total volume of each of these films to be 1 liter. 

At the start of the experiment the concentration gradient of KG in 5, which will 
be called Gr', is 0.031 - 0 = 0.031, and the corresponding value for G'Na is 0.0145 
— 0 = 0.014^ Hence Gr' GNa' = 2.14. We may assume that during the first 
small increment of time 1.62 millimoles of KG reach Bi, and distribute themselves 
so that 1.0 goes into C and 0.62 remains in Bisy giving a concentration of 0.00062 m 
in Bts and 0.001 m in C (the value of Ko remains constant at 0.031 since K<, is con¬ 
stant). 

Since at the start G'^a is 0.0145 and G'k is 0.031 we suppose that the amount of 
NaG moving across B in the first small increment of time is approximately 1.62 
(0.0145 0.031) = 0.756 millimole: of this 0.17 will remain in By, and 0.586 will 

pass into C (so that ^Na, =0.17 0.586 = 0.29; this is the value previously stated). 

At the end of the first increment of time Gk' = 0.031 — 0.00062 0.0304 and 

GNa' = 0.0145 - 0.00017 = 0.0143. Hence Gr' -5- GNa' = 0.0304 0.0143 = 

2.1 and K. 4 - Na» = 0.001 ^ 0.000586 = 

This calculation indicates that in the early part of the experiment 
the ratio K,- 4- Na, will be greater than unity and that as time goes 

** The significance of this method of calculation may seem doubtful, especially 
when we are not dealing with the earliest stages of the experiment, but it seems to 
be borne out by the results. 

It is of interest to note that the ratio K, -4 Na< in the early part of the experi¬ 
ment depends on the magnitudes of SkGo ^^d as well as on their ratio. Thus 
in the foregoing calculation we had 5 kGo ‘S'NaG® = 0.62 4- 0.29 = 2.14 and the 
value Ki 4- Na* after the first increment of time was 1.7, but if we put Sk.Go 
SnoGo = d.2 4- 2.9 = 2.14 we get a different result for K» 4- Na* since the value is 
1.16. This may be shown as follows. Since Gr' and GNa^ are now ten times as 
great at the start we expect 16.2 millimoles of potassium and 7.56 of sodium to be 
moved. The concentrations in Bu are therefore KG = 0.0162 m and NaG = 
0.00756 M. These will distribute so that K<' = 0.01395 m, K* = 0.00225 m, Na*' = 
0.00562 M, and Na* = 0.00194 m. Hence K* -4 Na* - 0.00225 4- 0.00194 » 1.16. 
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on it will approach unity since the concentrations in C will approach 
those in A (i.e. 0.05 M KG + 0.05 M NaG). 

The actual model (with no COa in C) differs from this hypothetical 
case since 5 k, is not constant and is not equal to 5 k,: this applies 
also to sodium. Furthermore KG and NaG are strong electrolytes in 
A and (though weak electrolytes in B) but this merely means that 
the diffusion of molecules of KG and NaG in C is replaced by the 
diffusion of the ions K+, Na+, and G~, thereby changing somewhat 
the diffusion constants. 

1.4 


1.2 


1 . 0 , 

Fig. 2. Ratios of potassium to sodium in the artificial sap in C (Experiment 112). 
Model with O.OS m KG + 0.05 m NaG in yl, G. C. mixture in B, and distilled water 
in C (no COu). The ratio of partition coefficients is 5kg„ -S^NaC, = 2.14. To¬ 
ward the end of the experiment the ratio approaches unity, as would be expected. 
In the first part of the curve the experimental errors are larger because the concen¬ 
trations of sodium and potassium in C arc relatively low. 

Hence we expect that at the start potassium will enter C more 
rapidly than sodium and that both will reach the same concentration 
at equilibrium. This was found to be the case in earlier experiments 
{e.g. in Experiment 66 reported in a previous papcr‘*). The ratios 
found in a later experiment (Experiment 112) are shown in Fig. 2 
(in this, as in the other figures, the curves are drawn free-hand to 
give an approximate fit). In this case A contained 0.05 M KG + 
0.05 M NaG and the ratio 5 kg, •S'Nac, was 2.14 (see page 452). 

Model I was employed and a steady flow was maintained in A which kept its 
composition approximately constant: B contained G. C. mixture and C contained 

Osterhout, W. J. V., and Stanley, W. M., /. Gen. Physiol., 1931-32,16,667, 
Fig. 6. 
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distilled water (no CO 2 bubbling), stirred with a stream of air. The volume of C 
at the start was 150 cc. The temperature was 21° ± 2°C. The concentration 
of potassium + sodium in C was determined by titration with standard acid and 
of sodium by the method previously described,^ potassium being determined by 
difference. 

In most of our experiments CO 2 was present in C and in consequence 
KG and NaG reacted to form KHCO3 and NaHCOa as soon as they 
reached the surface of C.^® Potassium and sodium then diffused 
through Cb in the form of bicarbonates. But since diffusion in this 
layer is very rapid as compared with that in B it may be left out 
of account. (An additional effect of the reaction with CO 2 is a 
great reduction of the ionic activity products (K)(G) and (Na)(G) 
in C.) 

Before discussing such experiments it is desirable to consider more 
fully the equation for penetration. In doing this we may neglect 
^Na (since it is not far from unity) and write as a first approxi¬ 
mation 

^Na Nai — Nai 

The values of K'o and Na'o arc kept approximately constant by continually 
renewing the solution in A. It has been shown elsewhere® that the activity of 
K'o is proportional to the ionic activity product^^ (Ko)(OHo) in A, Hence we may 
put K'o = Sko^o = C 4 (Ko)(OHo) and it is evident that the value of will de¬ 
pend on that of OH". We may treat K\ in the same way. All of this applies 
equally to sodium. 

As already stated K'o = hence to approximate the value of 

K'o a determination of = (concentration of undissociated KG in 

This might not have much effect on the value of K» -f- Na, as calculated by 
the method given on p. 449, since it might influence both of the diffusing substances 
in similar fashion. 

Under the conditions of the experiment the activity of OH in C bears a con¬ 
stant relation to the activity of HCO 3 and to that of the guaiacol ion G". 

We may write K'o = C 3 (Ko)(OHo) and K'* = C 4 (K.)(OHt) where the subscripts 
0 and i refer to the outside and inside solutions respectively. But C 3 and C 4 vary 
with concentration because the non-aqueous phase changes. 
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the surface of ^ (concentration of in ^1) is desirable. This 
cannot be done directly but we may approximate it by determining^® 
S^Go ^ (concentration of KG in the surface of (concentration 

of K+ in il). It seems highly probable that the ratio 
is approximately equal to since wc need comparative 

values only we may use S^lgo place of 5^^ and ^Na^* 

The values of ^kg and SnoG were determined as follows. An aqueous solution 
containing equal concentrations of KG and NaG was shaken with a relatively 
small volume of G. C. mixture on a shaking machine and was then allowed to stand 
for 24 hours or longer. The G. C. mixture was then shaken with half its volume 
of 0.08 M HCl which removed practically all of the potassium and sodium. The 
determinations of potassium and of sodium were made as previously described.^ 
The temperature was 21° zb 2°C. 

Since the aqueous phase loses more potassium than sodium it must be relatively 
large to keep its ratio Ko Nao approximately constant or else it must contain 
more potassium at the start. As an illustration of the latter method we may cite 
the following: 104 cc. of aqueous solution of 0.222 m KOH + 0.151 m NaOH was 
shaken with 100 cc. G. C. mixture. After separation there was 98 cc. of the 
aqueous solution in which the concentrations were 0.107 m potassium and 0.110 m 
sodium. There was also 106 cc. G. C. mixture in which the concentrations were 
0.116 M potassium and 0.053 m sodium. Hence we have = 0.116 0.107 = 

1.085 and S^^jGq = 0.053 -r- 0.110 == 0.482. Hence ^S'kg® SNa.Go ~ 1*085 -r 
0.482 = 2.26. 

The situation is easily seen from the following considerations. For the aqueous 
phase let us put: volume = F, concentration of potassium = Ck, concentration of 
sodium = CNa, moles of potassium = Mk, moles of sodium = MNa» and designate 
the corresponding values in the non-aqueous mixture as V\ Ck', etc. Assuming 
that F = 1 liter, F' = 10 liters, and that owing to the nature of the non-aqueous 
phase the partition coeflicient, i.e. C^i -r- Ck has a value of 0.4, and that at the 
start Ck = Cne = 1, we have at equilibrium (providing no change in volume occurs 
and that potassium and sodium act independently) 

Ck =» A^k = 1 — Mk 

Mv; 

= Ck = 0.4Ck = 0.4(1 - Mi) 

Strictly speaking we do not determine undissociated KG in Bo but total 
(stoichiometric) concentration of potassium in Bo which amounts to practically 
the same thing since the concentrations of KOH and KHCOa in Bo are negligible 
in comparison with that of KG, and KG b a very weak electrolyte in B (as shown 
by the unpublished work of physical chemists). 
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hence 


Mk “ 0.8 

Ck = il/K = 1.0 - 0.8 = 0.2 


C'k = 0.8 10 = 0.08 


Hence C'k Cr = 0.08 0.2 =* 0.4: this is the value previously assumed for the 

partition coeflicient. 

Assuming that the partition coefficient for sodium, i.e, Csa Cn^ == 0.2 and 
proceeding in the same way we obtain for equilibrium CNa = 0.335, Ck CNa = 
0.2 ^ 0.335 - 0.594; also CNa' = 0.067 and Cr' CW = 0.08 4- 0.067 = 1.2. 
This latter value changes tc 1.02 when we put F = 1 and F' = 100 (instead of F' = 
10), to 1.71 when we put F = 1 and F' = 1, and to 1.95 when we put F = 1 and 
F' = 0.1. 

We see that the greater the relative volume of the aqueous solution the nearer 
the ratio C'r -5- C'Na in the non-aqueous phase approaches to the ratio of partition 
coefficients which in this case is 0.4 0.2 = 2. 


A series of values of and is shown in Fig. 3. They were 
determined when both KG and NaG were present in equal concentra¬ 
tions in the aqueous phase at equilibrium.*® 

Let us now consider conditions at the inner phase boundary. Here 
the partition coeflicients are 5k,. and (where Sr. = K'< -h K< and 
^Na, = Na't Nai). We may use ^r^. = (concentration of KG in 
the surface of Bi) (concentration of K+ in C) in place of S^.. 

The determinations are somewhat uncertain because on reaching C, KC is 
transformed to KHCO3®, and we must therefore determine SkGi by shaking up an 
aqueous solution of KHCO3 with G. C. mixture so that not only KC but also 
Kh CO3 is taken up. We can determine the total amount of potassium taken up 
but we do not know exactly what percentage of this is KG}^ We can also deter- 


Adding NaC to KC affects SkGo follows: As stated elsewhere (footnote 5) K'o 
is proportional to the ionic product (K«,)(Cc,) when activities are taken. Using con¬ 
centrations (and taking total potassium in B as approximately equal to K'o) we 
may say that since Sjug^ equals (KC in B) (potassium in >4) the value of KC in B 
will be approximately doubled vffien we double Co by adding NaC: this will double 
the value of SkGo since the concentration of potassium in A remains constant. 
This has been tested experimentally and is found to be approximately true. 

For example, when 0.63 m KHCO3 at pH 7.5 was shaken up with G. C. mix¬ 
ture the concentration of potassium in the latter was 0.0062 m. The concentra¬ 
tion of CO2 + HCO3 was 0.0025 m. Probably most of this was CO2: hence if we 
put CO2 = 0.002 M we have KC = 0.0062 - 0.0005 = 0.0057 m. (It depends on 
the pH value of the aqueous solution.) Cf. footnote 5. 
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mine the total carbon taken up but we do not know exactly what per cent of this 
is HCO 3 and what is CO 2 . We find that (concentration of potassium in G. C. 
mixture) (concentration of potassium in aqueous phase) varies with concentra¬ 
tion and hence we conclude that 5 k,- varies with concentration. This also applies 
to Ssm- 


Partition 

coefficient 



Fig. 3. Values of the partition coefficients SkGo 5NaCo- These values were 
determined in the presence of equal concentrations of potassium and sodium. 
The total concentration of G”, or guaiacol ion (taken as equal to KG + NaG), is 
plotted as abscissae. Thus the value for 0.05 means that an aqueous solution of 
0.025 M KG + 0.025 m NaG was shaken with a relatively small volume of G. C. 
mixture and the partition coefficients were calculated from the amounts of KG and 
NaG found in the G. C. mixture. 

Since the ratio 5 k, varies with concentration (independently 

of pH) and since the concentration of K< + Na* may rise during the 
experiment from zero to 1.2 m there is opportunity for a change in 
the ratio K',- 4- Na'< which will aflfect the relative rates of entrance of 
potassium and sodium. 

The values of 5 k,. and 5Na< also vary with pH (p. 451). Since the 
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pH value in C may rise* from between 5 and 6 to the neighborhood of 
7.6 during an experiment the values of 5 k,. and must increase 
accordingly. Variation in the flow of CO 2 will also affect the pH. 

It should be remembered that the diffusion “constants” Z)k and 
as here used are not constant since Dk varies with the concentration of 
NaG and vice versa (p. 447). 

Other Factors 

It thus appears that penetration depends largely on the diffusion 
constants and partition coefficients. But it is also affected by a num¬ 
ber of other factors, among which are the following: 

1. Even when the concentrations in the main body of A are kept 
constant® those at the interface may vary for there is a concentration 
gradient in the unstirred layer A b which determines the concentration 
at the outer surface of B. The more rapid the stirring the thinner this 
layer and consequently the nearer K,, and Na„ {i.c. the concentrations 
of K+ and Na+ at the inner surface of /Ib) will approach the con¬ 
centrations in the main body of A. When the concentrations in A arc 
altered the value of K'„ 4- Na'„ may vary because the partition co- 
elTicients change. The ratio K'» Na'o (and therefore of -^ i^Na) 
will therefore depend in part on the rate of stirring. 

This ratio may also be influenced by temperature which alters the 
viscosity and hence the thickness of the layers (the viscosity is altered 
by the presence of electrolytes). Temperature may also affect the 
partition coefficients unequally. 

If a model be used with diffusion in B more rapid than in A the 
ratio Ko -5- Na» may vary because, with potassium moving into Bg 
more rapidly than sodium, its relative concentration in A g must be¬ 
come steadily less, unless the rates of stirring and of diffusion be suffi¬ 
cient to renew the supply (see p. 452). As K, decreases potassium 
will move more slowly into B. 

2. In the stirred layers the forward movement of electrolyte will 
depend on such factors as rate of stirring, and viscosity. 

3. There are concentration gradients in Cg which will depend on the 
factors already enumerated and which may change the ratio /Jr -^Na- 

4. Surface forces may play a part; e.g., substances diminishing sur¬ 
face tension will tend to remain in the surface. 
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5. Reactions may occur at the outer surface and if slow enough may 
affect the result; e.g., loss of water by the penetrating substance or 
molecular association in the non-aqueous phase. At the inner surface 
the reverse processes will occur but here we may have in addition 
combinations with acids or other substances in C. 

6. The penetration of electrolytes into C is accompanied by that of 
water. To understand its effect let us consider what happens when 
water is added suddenly^‘ to C. Thus if the concentration gradients 
in be called G'k and G^a and the ratio be 

^ Ko - K>- ^ 0.24 - 0,12 ^ 2 
GNa ” Na.' - Na.' 0.10 - 0.04 

and water be added to C, doubling its volume, we have 

Gi 0.24-0.06 

G’Na 0.10 - 0.02 

In this case where the ratio -i- K'i = 2 is less than Na'„ -i- Na'j = 

2.5 we observe that the ratio G'^ -h G'^^ rises after the addition of 
water. 

When K', 4- K',- is greater than Na'<, 4- Na'< the ratio falls. Thus 
if K'o 4- K'i = 0.24 4- 0.02 = 12 and Na'„ 4- Na'.- = 0.13 4- 0.02 = 

6.5 we have before the addition of water 

Gk 0.24-0.02 
G'Na ~ 0.13 - 0.02 “ ^ 

and afterwards 

Gk 0.24 - 0.01 

-- i 92 

Glia 0.13 - 0.01 

When Ko 4- Kj = Nao 4- Na< the addition of water does not change 
the ratio. Thus if K'® 4- K'j = 0.24 4- 0.12 = 2 and Na'« 4 - Na'< = 
0.08 4- 0.04 = 2 we have before the addition of water 

After the sudden addition of water the concentration gradients would no 
longer be linear. 
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Gk 0.24 - 0.12 _ 

Ci^a ” 0.08 - 0.04 ” ^ 

and afterwards 

G'k ^ 0.24 - 0.06 
Gka. 0.08 - 0.02 “ 

Evaporation will, of course, produce the opposite effect. 

The inward movement of water may have a different temperature 
coefficient from the movement of the penetrating substances: hence 
the composition of C may depend on temperature.^'* 

7. There is an outward movement of substances (from C to ^); e.g., 
of KHCOs, NaHCOa, COa, and H 2 CO 3 . This may be neglected in the 
earlier part of the process of penetration but toward the end and in 
the steady state it may become more important. It is quite possible 
that the outward movement of KHCO 3 may differ from that of 
NaH(^0,i in such fashion as to protluce a different ratio of Kj -j- Na,- 
from that which would otherwise occur. 

In spite of the fact that penetration is influenced by so many fac¬ 
tors the experiments indicate that the ratio of potassium to sodium in 
C depends chiefly on the partition coefficients. 

EXPERIMENTS 

(a) Di£usion from A to C 

To illustrate this statement we may cite a series of experiments, in 
which A contained equal concentrations of KG and NaG, B contained 
G. C. mixture, and C contained distilled water in which CO 2 was 
bubbling. The results are shown in Table I (p. 458). It is evident 
that potassium predominates in G in every case as woifld be expected 
in view of its higher partition coefficient. We see also that the average 
of the ratio K -i- Na in C does not differ greatly from Syjo, -i- 
ITiere is considerable variation in the ratios of K Na: changes 
during the progress of one experiment are shown in Fig. 4. 

Models I, II, and III were used;* a steady flow was maintained in A thus keep¬ 
ing its composition approximately constant. A, B, and C were stirred. The tem¬ 
perature varied between 20 and 25°C. The determinations of potassium and 
sodium were made as previously described.* 

** At the start there may be an outward movement of water since the concentra¬ 
tion of electrolytes is greater in A than in B. 
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Hours 


Fig. 4. Ratios of potassium sodium in C in a model in which A contained 
0.05 M KG + 0.05 M NaC; B contained G. C. mixture, and C contained distilled 
water at the start but had COj bubbling through it throughout the experiment 
(Experiment 111). The ratio of partition coefficients is 5 kg» -5- •S’KaCa = 2.14. 
The experimental errors are larger during the first part of the experiment when the 
concentrations in C are low. 
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(b) Diffusion from A to B 

It seemed desirable to examine the process of penetration at each 
interface separately. To examine the outer interface a model was 
constructed with A and B but without C. In A was placed 0.1 m 
KG + 0.1 M NaG, and in B was placed G. C. mucture. The results 
of a typical experiment (No. 83) arc shown in Fig. 5. 

In this case the concentration gradient of chief importance is that 
in the layer Bo. Calling the concentration of undissociated KG at the 
outer surface of this layer K',, and that at the inner limit^’ of this layer 



Hours 


Fig. 5. Ratios of potassium -i- sodium in B in Experiment 83 dealing with the 
interface between A and B (C was omitted from this model). The ratio of parti¬ 
tion coefficients is 5 kCo 5Nac. = 2.3. The experimental errors are larger during 
the first part of the experiment when the concentrations in C are low. 

(/, Fig. 1) K'/ (with similar designations for sodium) we may write as 
an approximation 

^ = K' " - ^ (5kc.k„) - k; 

/fNa Na; - Na; (6'NaG.Na„) - Na/ 

At the start, when K'/ and Na'/ are both equal to zero, we may write 
as an approximation 

Rn _ ■^KC.Kg 
/fNa 5NaC,Na„ 

Since K> = Na« we have 

Rn ^ Sylg, 

^Na -SNaC, 


** This is merely a convenient fiction since there is no definite limit at this spot. 
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We therefore expect at the start a correlation between the partition 
coefficients and the concentrations of potassium and sodium in B. 
This will also be true as the system approaches equilibrium. Hence 
it may well be true of the intermediate period and this appears to be 
the case since the ratio of ^ •S'Nac» was found in shaking experi¬ 
ments (p. 452) to be 1.085 -i- 0.48 = 2.26 which is fairly close to the 
ratios observed during the progress of the experiment as shown in 
Fig. 5. 

When approximate equilibrium was reached in this experiment the 
concentration of potassium in B was 0.126 m and that of sodium 0.055 
M. Hence we have Syjs„ = 1-26 and = 0.55: these values are 
a little higher than those obtained in the shaking experiments^ (where 
we found 5 kc. = 1.085 and ^Nac. = 0.48. The ratio ■S’koCo = 

2.29 is also a little higher than the value of 2.26 found in shaking 
experiments. 

Model III was employed.* Both A and B were stirred. A continuous flow in 
A kept the composition constant to within 5 per cent. B contained 500 cc. of 
G. C. mixture. Equilibrium was attained in about 52 hours. The temperature 
was 20“ ± 2'’C. 


(c) Diffusion from B to C 

In order to examine the processes occurring at the interface between 
B and C a model was used in which B was brought into equilibrium 
with A (by shaking B with a great excess of yl) before the experiment 
was started (so that there was relatively little diffusion from A io B 
during the experiment): C contained only distilled water at the start 
(no CO 2 was bubbled during the experiment). In this case the chief 
movement during the early part of the experiment was across the in¬ 
terface between B and C so that the layer of chief importance is Bi. 
Calling the concentration of undissociated KG at the outer limit® 
(g, Fig. 1) of this layer K', and that at the other surface K',- (with 
similar designations for sodium) we may write as an approximation 

I.e. experiments in which a solution containing 0.107 m KOH -1- 0.110 M NaOH 
was shaken up with G. C. mixture as d^ribed on page 452. As shown in Fig. 3 
the ratio 5x0# ■S'nuGo is very nearly the same at a concentration of 0.2 m G“ as 
at a concentration of 0.217 m. 

This is, of course, a convenient fiction as there is no sharp limit at this spot. 
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^ 

UNa NaJ — Nai 

A typical experiment (Experiment 86) was started with 0.1 m KC? + 0.1 
M NaG in A, distilled water saturated with guaiacol (no CO 2 bubbling) 
in C, and with B in equilibrium with A. From the very start B con¬ 
tained 0.1085 M KG and 0.048 M NaG. Since 5 kc„ = 1-085 and ^Nac, 
= 0.48 the ratio -4- is 2.26. A simple calculation shows 
that soon after the start of the experiment Nat might be in the 
neighborhood of 1.6 and this agrees fairly well (Fig. 6) with observa- 



Fig. 6. Ratios of potassium -5- sodium in C in ICxperiments 86 a (X), 86 6 ( o), 
and 86 c (□), dealing with the interface between B and C. The ratio of partition 
coefficients is Skg, — 2.3. The experimental errors are larger during the 

first part of the experiment when the concentrations in C are low. 

tion (although the validity of this method of calculation may be ques¬ 
tioned: see page 449). As K<, = Na* we expect that as equilibrium is 
approached Kj -j- Nai will approach unity and this appears to be the 
case. The calculation is as follows: 

Consider a thin layer of B, only a few molecules thick, adjoining the inner inter¬ 
face: we may call this Bu and the corresponding layer in C on the other side of the 
interface Cbs- For convenience we put the volume of each of these layers at 1 
liter. 

We see that Bu contains0.1085 mole of KG and we may suppose that when water 
is brought in contact with it enough KG instantaneously moves into Cbs to bring 
these two layers into approximate equilibrium. If during this process no more 
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KG moves into Bu we may make the following calculation: After approximate 
equilibrium is reached we have 

k; - 0.1085 - K< ^ 

---- Sy^Gi 


If for convenience^® we put 5 kg» = SyjGo = we have 


0.1085 - K> 

Ki 


= 1.085 


whence Ki = 0.052 and KJ ■-= 0.0565. In the same way we have 

Nai 


whence Nai = 0.0324 and Na'* = 0.0156. Hence Ki Nai = 0.052 0.0324 = 

1.6. We then have for the ratio of gradients 

K - k; __ 0.1085 - 0.05 65 _ ^ ^ 

Na'o - Na'i "" 0.048 - 0.0156 " 


so that we might ex{>ect jRk ^Na to be about 1.6 as indeed appears to be the 
case with the upper curve in Fig. 6 extrapolated to zero time. 

Model III was employed.^ A constant flow in A kept its composition nearly 
constant: B was brought into equilibrium with A by shaking the two phases to¬ 
gether before the experiment started: C contained at the start 75 cc. of distilled 
water saturated with G. C. mixture and was stirred by a stream of air. A and B 
were stirred mechanically. The temperature was 20® ± 2®C. 

In another sort of experiment^ (Experiment 66) no CO 2 was 
bubbled during the first 236 hours and the concentrations in C reached 
the same level as in yl, namely 0.05 m KG + 0.05 M NaG: B was then 
practically uniform throughout and contained 0.031 m KG + 0.0145 m 
NaG. The ratio S^Go was 0.62 0.29 = 2.14. 

At 236 hours the bubbling of CO 2 began and 4 hours later the ratio 
K Na in C was 1.65 (as shown at the ordinate marked 240 in Fig. 
7). The ratio rose until the 264th hour after which it slowly fell and 
then gradually rose again. 

2 ® This makes the value of 5 kc?< too large but as that of will be too large by 
a corresponding amount the error in the ratios K'< 4 - Na'* and K< 4 - Na< will be 
small. 

Osterhout, W. J. V., and Stanley, W. M., /, Gen, Physiol,^ 1931-32,16, 676, 
678 (Experiment 66, Table I, and Fig. 6). 
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In the steady state^ C contained 0.73 m KHCO 3 + 0.45 m NaHCOa, 
giving a ratio of 1.62. 

Model I was employed. A, B, and C were stirred as usual. A constant flow 
was maintained in A . The temperature varied from 20 to 25°C. during the course 
of the experiment. 

In concluding the experimental part we may say that in all cases 
(the diffusion constants being nearly equal) the ratio K ~ Na in C 
seems to depend chiefly on the partition coeflicients. But other 



Fig. 7, Ratio of potassium -r sodium in C in Experiment 66, dealing with the 
interface between B and C. During the first part of the experiment no CO 2 was 
bubbled through C. At 236 hours the ratio in C was unity and B was in equilib¬ 
rium with A. The bubbling of CO 2 was then commenced and the ratio quickly 
changed: at 240 hours it was 1.65. The ratio of partition coefficients was SylGo 
‘S'NaC’o = 2.2. In the first part of the curve there arc larger experimental errors in 
determining the concentrations of sodium and potassium (since they are relatively 
low). 

factors are sufficiently influential to produce considerable variation in 
these ratios. 


DISCUSSION 

It seems probable that many of the variables discussed in this paper 
are found in living cells such as those of Nitella and of Valonia,^ 

At this time A contained 0.043 m KG + 0.007 m KHCO3 + 0.043 m NaG + 
0.007 M NallCOa. The bicarbonate was due to diffusion of HCO3 and CO2 from 
C into A, 

2 * The models would resemble the living cells more closely if we employed KOH 
and NaOH in A and if KG and NaG, though soluble in the non-aqueous layer, 
were practically insoluble in water. 
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In Vdonia and Nitella we apparently have a continuous non-aqueous 
phase at the inner and outer protoplasmic surfaces.” We may suppose 
that these surface layers correspond to the layers Bo and Bi in the 
model and that between them is an aqueous phase more or less stirred 
by protoplasmic movement or by convection currents. The external 
solution and the sap are well stirred by convection currents. We there¬ 
fore seem to have opportunity for some of the variables that are found 
in models. 

In these models the chief factors appear to be partition coefficients 
and diffusion constants. Is this true of living cells in general ? 

In seeking to answer this question we must remember that the im¬ 
portance of the partition coefficients depends on the speed of diffusion 
in the non-aqueous layers. When diffusion in these layers is slow 
enough to control penetration the partition coefficients become im- 
pwrtant. It would seem that this applies to most living cells since 
partition coefficients appear to play a highly important r61e. It is for 
this reason that Overton’s theory is so useful, especially as amended 
by Irwin. 

When the partition coefficients of two substances are not very dif¬ 
ferent molecular size becomes important because it determines the 
diffusion constants. It may also be due in some cases to the fact 
that penetration is regulated more by the cell wall than by the pro¬ 
toplasm. 

In many cases the non-aqueous layers are probably very thin. 
Hence the diffusion constants in these layers must be very small or 
the concentration gradients (due to the partition coefficients at the 
two surfaces of the layer) must be very gentle in order to make diffusion 
slow enough to have the process of penetration controlled by this layer. 

The diffusion constants would, of course, be small if the viscosity 
were high. It is not necessary to suppose that the layers are solid 
since protoplasm in contact with water rounds up as though true sur¬ 
face tension existed.” 

It may be remarked in passing that the idea that protoplasm has a 
non-aqueous surface has been opposed on the ground that water and 
salts enter freely. But the model shows that this objection does not 
hold since water and salts freely pass through the non-aqueous layer. 

Osterhout, W. J. V., Ergehn. Physiol., 1933, 36, 967. 
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Let US now consider the question of ionization. In our models KG 
penetrates very rapidly as compared with KCl although both are 
equally ionized in the external solution. But both are weak elec¬ 
trolytes in the non-aqueous phase and hence penetrate chiefly in 
molecular form. The difference lies in the fact that KG has a much 
higher partition coefficient than KCl. 

There is another consideration which may well be mentioned here, 
namely, that partition coefficients are important in bioelectric effects. 
Assuming the latter to be chiefly due to diffusion potentials’* we may 
illustrate the situation by means of models. For example, when only 
KG is present the diffusion potential at the outer surface will depend 
on K'„ and at the inner surface on K',-. Now when ‘S'k. — and 
K„ -i- K.- = 10 then K'» -4- K'.- = 10. But when 5 k, = 1 and 5 k.. = 
0.1, and K„ K,- = 10 we have K'« -i- K'i = 100 and the diffusion po¬ 
tential increases accordingly. Similar considerations would apply if 
KG were placed at the outer surface and NaG at the inner since the 
concentrations and consequently the potential in the non-aqueous 
phase would depend on the values of 5 k, and 
Aside from the question of partition coefficients the outstanding 
fact brought out by these experiments is the large number of variables 
concerned. No attempt has been made to treat all of these quanti¬ 
tatively or to set up equations for the time curve of penetration. In a 
previous paper an empirical equation was given which fits the obser¬ 
vations satisfactorily when potassium alone is present and a rigorous 
treatment has been formulated by L. G. Longsworth®* by means of 
which the time curve has been calculated. By means of other equa¬ 
tions he has calculated the ratio of sodium to potassium in the steady 
state. But no attempt has been made as yet to include in this treat¬ 
ment all the variables mentioned in this paper. 

The fact that with constant concentrations of potassium and sodium 
outside there is so much variation in their proportions in the artificial 
sap in C recalls the situation in Valonia where there is a considerable 
variation in the cell sap. It happens that the variation is similar in 
the two cases for if we divide the highest observed ratio of K -4- Na by 

Osterhout, W. J. V., J. Gen. Physiol., 1929-30, 13, 715; Biol. Rev:, 1931,6,369; 
Ergebn. Physiol., 1933, 35, %7. 

’’Longsworth, L. G., J. Gen. Physiol., 1933-34, 17, 211. 
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the lowest we get in the model 2.7 1.4 = 1.93 and in the case of 

Valonia> 5.72 -J- 2.55 = 2.24. 

In conclusion it may be appropriate to repeat that when the living 
cell shows a great difference in the penetration of similar compounds 
of potassium and of sodium it seems safe to conclude that diffusion 
coefficients cannot be resix»nsible since the molecular sizes cannot 
differ greatly. Hence the difference must lie in partition coefficients. 
This is a very important factor in dealing with living organisms. 

SUMMARY 

Some of the factors affecting penetration in living cells may be 
advantageously studied in models in which the organic salts KC? and 
NaG diffuse from an aqueous solution A, through a non-aqueous layer 
B (representing the protoplasmic surface) into an aqueous solution C 
(representing the sap and hence called artificial sap) where they react 
with CO 2 to form KHCO 3 and NaHCOs. Their relative proportions 
in C depend chiefly on the partition coefficients and on the diffusion 
constants in the non-aqueous layer. But the ratio is also affected 
by other variables, among which arc the following: 

1. Temperature, affecting diffusion constants and partition coeffi¬ 
cients and altering the thickness of the unstirred layers by changing 
viscosity. 

2. Viscosity (especially in the non-aqueous layers) which depends 
on temperature and the presence of solutes. 

3. Rate of stirring, which affects the thickness of the unstirred 
layers and the transport of electrolyte in those that are stirred. 

4. Shape and surface area of the non-aqueous layer. 

5. Surface forces. 

6. Reactions occurring at the outer surface such as loss of water by 
the electrolyte or its molecular association in the non-aqueous phase. 
The reverse processes will occur at the inner surface and here also com¬ 
binations with acids or other substances in the “artificial sap” may 
occur. 

7. Outward diffusion from the artificial sap. The outward move¬ 
ment of KHCOs and NaHCOa is small compared with the inward 
movement of KG and NaG when the concentrations are equal. This 
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is because the partition coefficients* of the bicarbonates are very low 
as compared with those of NaG and KG. 

Since CO 2 and HCOJ diffuse into A and combine with KG and NaG 
the inward movement of potassium and sodium falls off in proportion 
as the concentration of KG and NaG is lessened. 

8. Movement of water into the non-aqueous phase and into the 
artificial sap. This may have a higher temperature coefficient than 
the penetration of electrolytes. 

9. Variation of the partition coefficients with concentration and 
pH. 

Many of these variables may occur in living cells. (It happens that 
the range of variation in the ratio of potassium to sodium in the 
models resembles that found in Valonia.) 




KINETICS OF PENETRATION 

VII. Molecular versus Ionic Transport 

By W. J. V. OSTERHOUT, S. E. KAMERLING, and W. M. STANLEY 
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(Accepted for publication, August 10, 1933) 

In many living cells potassium penetrates more rapidly than sodium. 
Since the potassium ion has a greater mobility in water than the 
sodium ion some investigators see in this situation evidence that 
electrolytes pass chiefly as ions through the protoplasmic surface, in 
which the order of ionic mobilities is supposed to be that found in water. 

If it could be demonstrated that the ionic mobilities correspond in 
this way‘ it would not show that electrolytes pass chiefly as ions 
through the protoplasmic surface for such a correspondence might 
equally well exist if the movement were mostly in molecular form. 

This can be seen in certain models in which the protoplasmic surface’ 
is represented by a non-aqueous layer B, and electrolytes pass* from 
an aqueous phase A through B into an aqueous phase C (representing 
the cell sap). 

Let us consider a t 5 q)ical experiment in which A contained 0.05 m 
potassium plus 0.05 M sodium, both combined with guaiacol and p- 

‘ Such a correspondence would be expected on the basis of Walden’s rule accord¬ 
ing to which the mobility of an ion is inversely proportional to the viscosity of the 
medium. Hence the order of mobilities would be the same in all media. This 
rule seems to work much better for large ions than for small ones {cf. Ulich, H., 
Tr. Faraday Soc., 1927, 23, 388). On this basis we should expect the ratio of Z/r 
( the mobility of the potassium ion) divided by l/Na (the mobility of the sodium ion) 
to be constant in all media but this may not be the case. In the protoplasmic 
surface this ratio appears to be very much greater than in water (cf. Osterhout, 
W. J. V., /. Gen. Physiol., 1929-30,13, 715; Ergebn. Physiol., 1933,36, 967) if we 
neglect partition coefficients and phase boundary potentials. 

Evidently the result will depend greatly on the degree of solvation and on the 
formation of complex ions. 

’ Osterhout, W. J. V., Biol. Rev., 1931,6,369. 

»Osterhout, W. J. V., and Stanley, W. M., J. Gen. Physiol., 1931-32,16,667. 
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cresol to form organic salts. For convenience the potassium salts 
will be lumped together and called KG (as in previous papers*-^). 
The sodium salts will be called NaG. 

In B was a mixture of 70 per cent guaiacol + 30 per cent ^-cresol 
which will be called G.C. mixture. C contained at the start distilled 
water and CO 2 was bubbled through it during the entire experiment.^ 

Under these conditions KG penetrated through B into C where it was 
transformed to KHCO 3 which does not readily pass out; NaG acted 
similarly. As a result potassium and sodium attained much higher 
concentrations in C than in A . Eventually a steady state was reached 
in which the volume of C increased while the composition remained 
approximately constant: the concentration of potassium in C in the 
steady state was about twice that of sodium. 

All three phases were stirred but at the phase boundaries there were 
unstirred layers* in which penetration was slow because it depended on 
diffusion; in the unstirred non-aqueous layers, which may be called 
Bo and Bt (where the subscripts 0 and i refer to the outer and inner 
surfaces respectively) it was so much slower than elsewhere that these 
two layers controlled the process of penetration. 

The unpublished work of physical chemists shows that KG and 
NaG are very weak electrolytes in B and we may therefore conclude 
that these salts move through B chiefly in molecular form. 

Following the usage of previous papers* *’* we may write as an approx¬ 
imation 

^ = (^\ 

Rst \i>Na/ Na'„ - Na'. 

where is the rate of entrance (in moles) of potassium into C, 
K'i and K'o are the concentrations of undissociated KG in the outer 
surface of Bo and the inner surface of Bi respectively, and Dr is the 
diffusion constant of undissociated KG in B (a corresponding nomen¬ 
clature is used for NaG).* 

* Osterhout, W. J. V., J. Gen. Physiol., 1932-33,16,529. 

‘This is Experiment 111. See Osterhout, W. J. V., Kamerling, S. E., and 
Stanley, W. M., /. Gen. Physiol., 1933-34,17, 445. 

* In this equation the dissociation of KG and NaG in B is neglected since it is 
small and since the values are used only for comparative purposes; e.g., comparison 
of K'« — K'< with Na', — Na'<. It should be noted that thb formula takes no 
account of the movement of water. 
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This may be rewritten 

J?K _ / - Ki5K< 

NioiSNa® 

where Ko is the concentration of potassium in the inner surface of A, 
Ki is the corresponding concentration in the outer surface of C; 5 k, 
and 5k< are partition coefficients; i.e., 5k, = K'„ Ko and 5k( = 
K'j -5- Kj. A corresponding notation is used for NaG. 

Since is nearly unity® it may be neglected and we may 

therefore suppose that the relative rate of penetration depends chiefly 
on the partition coefficients. We should therefore say that potassium 
predominates over sodium in C because the partition coefficient of 
KG is higher than that of NaG. 

It is known from the unpublished investigations of physical chemists 
that the potassium ion has a higher mobility in B than the sodium ion. 
But it seems unlikely that this plays an important role since (a) the 
mobility of K+ is only slightly greater than that of Na+ and (i>) both 
KG and NaG are very weak electrolytes in B.® Hence in passing 
through B both KG and NaG must move chiefly in molecular form 
and the r61e of ionic mobility is negligible. 

In order therefore to explain the more rapid penetration of potassium 
we must suppose that the chief cause lies in the fact that the partition 
coefficient of KG is larger than that of NaG (Table I, p. 477) and in 
consequence the concentration gradient in B is greater. 

We may now ask whether this applies to other substances. In order 
to test this we have determined the diffusion constants and the rates of 
penetration of the following pairs of organic alkali salts diffusing 
together: lithium and potassium; sodium and potassium; sodium and 
rubidium; and sodium and cesium. 

The Northrop diffusion apparatus^ was used with all the suggested precautions. 
The temperature was 25° ± 0.1°C. 

The alkali G.C. salts were prepared by shaking an aqueous solution of the 
hydrate with G.C. mixture and then removing the non-aqueous solution by means 
of a separatory funnel: this was analyzed by the methods previously reported.’-‘ 
The solution for the diffusion cell was then prepared by mixing weighed quantities 


’ Northrop, J. H., and Anson, M. L., /. Gen. Physiol., f928-29,12, 543. 
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of two G.C. solutions so that the resultant solution contained two G.C. salts in 
equal concentration, about 0.3 m of each. This mixture was placed inside the cell 
and 25 cc. of G.C. mixture were then placed outside the cell and diffusion permitted 
long enough to produce a quantity sufficient for analysis. 

The amounts diffusing for the pairs of alkalies were determined by shaking the 
G.C. solution with aqueous 0.1 m HCl and then determining the potassium or 
sodium content of the HCl extract. In all experiments with sodium present it was 
determined gravimetrically either by the sodium magnesium uranyl acetate 
method* or by the sodium zinc uranyl acetate method,® the latter being used when 
the quantity of sodium available was less than 8 mg. The other element present 
was determined by difference. 

For the four pairs of alkali G.C. salts, each pair diffusing together in G.C. mix¬ 
ture containing them at equal concentration, the experiments showed the rate of 
diffusion to be the same within 12 per cent. 

In the case of NH 4 G the escape of NH 3 into the air was noticeable and in con¬ 
sequence no trustworthy values could be obtained. It seems fairly safe to assume 
that the diffusion constant of NH 4 G does not differ much from those of KG and 
NaC. 

No great accuracy can be claimed for these results, but they show 
that the diffusion constants are so similar that the differences between 
them may be neglected for our present puri)ose. But it is of interest 
to note that in general the heavier molecule appeared to diffuse faster 
which may be due to greater solvation on the part of the lighter molecule. 

It is clear that such differences are not great enough to account for 
the large differences observed in the penetration of these substances in 
the model (Table I, p. 477). Let us now inquire how far these 
differences in penetration can be explained by the partition coefficients. 

Since it is not possible to determine the partition coefficient 
i.e. (the concentration of undissociated KG in Bo) -i- (the concentra¬ 
tion of potassium in we must content ourselves with determining'’ 
•S’kc.; (the concentration of potassium in Bo) h- (the concentration 
of potassium in ^). There is probably little difference between these 
values since KG is a very weak electrolyte in the G.C. mixture.® 

The partition coefficients are shown in Fig. 1. It will be noted 
that at lower concentrations the graphs approximate straight lines. 
This would be expected for reasons given in former papers.®-® At 
higher concentrations some of the curves bend over and may be 

* Caley, E. R., and Foulk, C. W., J. Am. Chem. Soc., 1929,61,1664. 

• Barber, H. H., and Kolthoff, I. M., J. Am. Chem. Soc., 1928, 60, 1625. 
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approaching a partition coefficient of unity. Determinations of KG, 
NaG, and LiG showed that the highest concentrations shown in Fig. 



Fig. 1 . Graphs showing values of partition coefficient 


MG'm non-aqueous phase 


GT in aqueous phase ’ 
where M is an alkali cation: G~ in the aqueous phase is regarded as equal to 
M in the aqueous phase. Up to about 0.1 m the graphs are approximately 
straight lines. This would be expected on theoretical grounds. The curve is 
drawn free-hand to give an approximate fit to the observed values. 


1 were not far from the plait points where the two phases fuse and 
the partition coefficients become unity. 

Let us now consider the partition coefficients observed when a pair of 
salts (such as KG and NaG) are present simultaneously. In this case 
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it is not sufficient to take the values represented in Fig. 1 which shows, 
for example, that at 0.02 M we have 5 kc. •S'noc. = ^-25 0.125 = 

2. The value of shown in the figure was obtained from a solution 
containing 0.02 M KG and that of ^Nac, ^ solution containing 
0.02 M NaG. But we must now use*" the values of 5 kc„ and ^Nac. 
in a solution containing 0.02 m KG + 0.02 M NaG. We then get 
Skg. -5- ‘S’Nac, = 0-35 4 - 1.65 = 2.12. The values of 5 kg„ and 
^Nac, are higher than those shown in Fig. 1 because the concentration 
of guaiacol ion (Go) and of (OH„) is higher, which, as shown in 
previous papers, increases the value of the partition coefficient. This 
follows from the fact that K'o is proportional to (Ko)(Go) and to 
(Ko)(OH„) when we take activities.® (We can calculate on this basis 
with sufficient accuracy for our purjiose by using concentrations: 
this is demonstrated by making a series of determinations.) 

The following experiments were made to ascertain the relation 
between partition coefficients and rates of entrance. The analytical 
procedure was similar to that for the diffusion experiments (p. 472). 
In all cases C contained distilled water at the start and CO 2 was 
bubbled continuously throughout the experiment. 

(a) Potassium and Lithium. —The outer aqueous phase A contained 
0.02 M KG + 0.02 M LiG. After 8 days the ratio K 4 - Li in C was 
0.178 M 4- 0.058 M = 3.1 (Experiment 108 a). A repetition gave in 8 
da)^ 0.250 M 4- 0.088 M = 2.84 (Experiment 108 b). A similar 
experiment gave 0.0814 M 4 - 0.0261 m = 3.12 after 7 days (Experiment 
108 c): the liquid in C was then removed and fresh distilled water 
(with CO 2 bubbling through it) was substituted. After 9 days the 
ratio in C was 0.0852 m 4- 0.0229 M = 3.72 (Experiment 108 d). 
The average ratio was 3.09. Since the highest concentration reached 
in C was KG = 0.250 and LiG = 0.088 the system was far from the 
steady state. 

A determination of the partition coefficients with 0.02 M KG + 0.02 M 
LiG in the aqueous phase gave 4- Sue., = 0.414 4 - 0.08 = 5.2. 

In the experiments here described Model II* was used for all the experiments in 
which Solution A contained the two alkalies at 0.02 m each. A constant dow was 


These determinations were made as described on p. 472. The resulting solu¬ 
tion of chlorides was analyzed for potassium and sodium as already described (cf. 
footnote 3). 
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maintained in B contained 275 cc. of G.C. mixture and C 20 cc. of distilled 
water at the start, and CO 2 was bubbled continuously throughout the experiment. 
The temperature varied between 20 and 25°C. The other experiments listed in 
Table I, with the solution in A containing potassium and sodium at 0.05 m each 
and 0.1 M each, have been previously described.*'* 

{b) Sodium and Ammonium .—^'The outer phase .4“ contained 0.02 M 
NaG + 0.02 M NH4G. After 13 days the ratio in C was NH4 Na = 
0.1925 M -i- 0.0375 u — 5.1 (Experiment 106 a). A repetition gave 
after 8 days the ratio 0.1572 M 0.0238 M = 6.6 (Experiment 106 b): 
the solution in C was then replaced by distilled water in which CO 2 
was bubbling and after 9 days we found 0.193 -5- 0.0371 = 5.2 (Experi¬ 
ment 106 c). Fresh distilled water -F CO 2 was placed in C and after 
8 days we found 0.192 M -j- 0.037 M = 5.2 (Experiment 106 d). Fresh 
distilled water plus CO 2 was again placed in C and after 7 days we 
found 0.1731 M - 5 - 0.0289 M = 6.0. The average ratio was 5.6. 

A determination of the partition coefficient with 0.02 M NaG -f 
0.02 M NH 4 G in the aqueous phase gave 5 nh4 G« ~ 0-885 = 

0.15 = 5.9. 

{c) Rulndium and Sodium.-—The outer phase” A contained 0.02 m 
RbG + 0.02 M NaG. After 4 days the ratio in C was Rb Na = 
0.0590 M -f- 0.0252 m = 2.34 (Experiment 113 a). Fresh distilled 
water plus CO 2 was then placed in the C compartment. After 7 days 
the ratio in C was Rb -i- Na = 0.1094 m 0.0372 M = 2.94 (Experi¬ 
ment 113 ft). 

A determination of the partition coefficient with 0.02 M RbG -t- 
0.02 M NaG in the aqueous phase gave 5Rbc. ‘S’nhc, - 0.63 -j- 0.181 
= 3.5. 

(d) Cesium and Sodium. —The outer phase” A contained 0.02 M 
CsG -F 0.02 M NaG. After 4 days the ratio in C was Cs -5- Na = 
0.0548 M 0.0115 M = 4.8 (Experiment 114 a). The solution in C 
was replaced by 20.0 cc. distilled water in which CO 2 was bubbling and 
after 9 days we found Cs -5- Na == 0.0958 M -5- 0.0228 M = 4.2. 

A determination of the partition coefficients with 0.02 M CsG -F 
0.02 M NaG in the aqueous phase gave Scg, •^Nac. = 1.29 -J- 0.135 
= 9.6. 


” The conditions were the same as in Experiment 108. 
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(e) Potassium and Sodium ,—^The outer phase A contained 0.02 M 
KG + 0.02 M NaG. After 10 days the ratio K -f- Na in C was 0.103 M 
T- 0.042 M = 2.45 (Experiment 109 a). A repetition gave in 8 days 
0.097 M T 0.041 M = 2.37 (Experiment 109 b). A third experiment 
gave 0.107 m -t- 0.049 m = 2.28 after 11 days (Experiment 109 c). 
The average ratio was 2.37. 

Relative amount 



Fig. 2. Graph showing that the salt which predominates in C is the one 

. ,. , . , r 1 AfG in non-aqueous phase 

with the higher partition coemcient, which is defined as —-—;-;- 

G in aqueous phase 

where ilf is an alkali cation: G~ in the aqueous phase is regarded as equal to 
M in the aqueous phase. The partition coefficients are plotted as abscissae 
(see Table II, p. 478). The relative amount in C is plotted as ordinates, that of 
cesium being taken as unity (see Table II). The curve is drawn free-hand to 
give an approximate fit to the observed values. Observed values, o; calculated 
values, X. 

The partition coefficients for 0.02 m KG + 0.02 m NaG interpolated 
from determinations at several concentrations for these salts (when 
present in equal concentration) are S^g„ •S'NaCo = 0.35 0.165 = 

2 . 1 . 

The results are summarized in Tables I and II. Fig. 2 shows’* 
that as the partition coefficient increases the relative amount found in 
C also increases but the curve flattens out rather rapidly. This would 

’* For reasons which will be discussed presently ammonium is omitted from thu 
figure. 




TABLE I 


Summary of Penetration Experiments with Alkali Salts 


Experi¬ 

ment 

Time 

Ratio found 
in C 

Solution in A 

Ratio of partition coefficients 

58 

63 

66 

80 

81 

111 

109 a 
b 

c 

108 a 
b 

c 

d 

106 a 
b 

c 

d 

e 

113 a 
b 

114 a 
b 

K + Na 

days 

9 

12 

33] 

4 ^ Steady 
41 state 
50j 

10 

8 

11 

1.4 

1.5 

Av. = 1.45 

1.6 
2.7 
2.7 
2.0 

Av. = 2.25 
2.45 
2.37 
2.28 

Av. = 2.37 

\ 0.1 mKG + 

1 0.1 MNaG 

0.05 m KG 4- 
0.05 MNaG 

1 0.02 M KG 4- 

j 0.02 MNaG 

SkGo •S’NaCr'o = 2.3 

^KGo Sn&Go = 2.14 

SkGo SNuGo = 2.1 

K Li 

8 

8 

7 

9 

3.1 

2.84 

3.12 

3.72 

Av.= 3.09 

1 

0.02 M KG 4“ 

0.02 M LiG 

SkGo “^LiCa =5.2 

NH4 + Na 

13 

8 

9 

8 

7 

5.1 
6.6 

5.2 
5.2 
6.0 

Av. = 5.62 

0.02 M NII4G 

4- 

0.02 M NaG 

Sj^HaGo -S^NaGo = 5.9 

Rb -h Na 

4 

6 

2.34 

2.94 

Av. = 2.64 

1 0.02MRbG4- 

J 0.02 M NaG 

•^RbCo -^NaGo = 3.5 

Cs + Na 

4 

9 

4.8 

4.2 

Av. = 4.50 

\ 0.02mCsG + 

/ 0.02 M NaG 

•S’csGo Sf^fiGo = 9.6 
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be expected on the basis of the calculation given in the previous paper** 
where a method is presented for calculating K< -j- Na< after the first 
increment of time. Employing this we obtain the values given in 
Column 3 of Table II. 

The agreement with the observed values is surprisingly good when 
it is remembered that (in addition to the difficulties mentioned in the 


TABLE II 

Relative Amounts Found in C, That of Cesium being Taken As Unity {in Determining 
These the Averages for 0.02 m in Table I Were Employed) 



Relative amount in C 

Partition coefficient 


Observed 

Calculated 


Cs 

1.00 

1.00 

1.29 

Rb 

0.58 

0.71 

0.63 

K 

0.52 

0.44 

0.35* 

Na 

0.22 

0.26 

0.165* 

Lit 

0.17 

0.13 

0.08 

NH4 

1.25 


0.88 


* The partition coefficient of NaG depends on the substance with which it is 
paired: thus with KG it is 0.165, with RbG 0.181, with CsG 0.135, and with 
NHiG 0.152: the partition coefficient of KG is 0.414 with LiG, and 0.35 with NaG. 
In constructing Fig. 2 it was necessary to take single values and those given in 
Table II were selected as the best established since more determinations were 
made. The differences in the values for 5 kc„ and SkuGo depending on the alkali 
accompanying it may be due to a number of factors, including variations in 
temperature and in the composition of the G.C. mixture. 

t The relative amount (both calculated and observed) of lithium was related to 
that of cesium by relating cesium to sodium, sodium to potassium, and, finally, 
potassium to lithium. 

previous paper**) the determinations were not made at the beginning 
but at later stages and even in the steady state. 

Furthermore in these experiments COt was bubbling in C and water 
was entering: neither of these factors was taken into account in the 
calculation. 

We see that both calculation and observation indicate that the rate 

** Osterhout, W. J. V., Kamerling, S. E., and Stanley, W. M., J. Gen. Physiol., 
1933-34,17,449. 
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of penetration is not directly proportional to the partition coefficient, 
but increases somewhat less rapidly. This may also be the case with 
living cells. 

DISCUSSION 

The order of partition coefficients is 

Cs > NH 4 > Rb > K > Na > Li. 

That of rates of penetration is 

NH* > Cs > Rb > K > Na > Li. 

The fact that ammonium appears to penetrate rapidly is quite in ac¬ 
cord with biological experience for we find that in general its penetration 
into living cells is relatively rapid. The reason usually given is that 
in addition to penetrating as ammonium (either free or combined) it 
can penetrate as NH3. This would also apply to the models. If, for 
example, B contained undissociated NH4G, NH4OH, and NHj, the 
last would have the highest diffusion constant on account of its small 
molecular weight. In addition to this it is quite possible that the 
partition coefficient is really higher than the analysis shows owing to 
loss of NH 3 during the determination. We may therefore regard 
ammonium as not strictly comparable to the other salts. 

Considering only cesium, rubidium, potassium, sodium, and lithium 
we see that the order of penetration corresponds to that of their parti¬ 
tion coefficients and to that of the ionic mobilities in water. Hence 
it would seem that similar causes determine the order of ionic mobilities 
in water and the order of partition coefficients. This will be discussed 
in forthcoming papers by physical chemists: since their work indicates 
that these salts are weak electrolytes in B we may conclude that ionic 
transport in B plays a subordinate r61e and that the partition co¬ 
efficients are chiefly responsible for the order of penetration. 

The predominating effect of the partition coefficient is also shown 
in experiments with KCl. Here the diffusion coefficient is presumably 
greater than for KG but in spite of this the rate of penetration is 
extremely small, corresponding to the very small partition coefficient. 

SUMMARY 

In some living cells the order of penetration of certain cations 
corresjjonds to that of their mobilities in water. This has led to the 
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idea that electrolytes pass chiefly as ions through the protoplasmic 
surface in which the order of ionic mobilities is supposed to correspond 
to that found in water. 

If this correspondence could be demonstrated it would not prove 
that electrolytes pass chiefly as ions through the protoplasmic surface 
for such a correspondence could exist if the movement were mostly in 
molecular form. 

This is clearly shown in the models here described. In these the 
protoplasmic surface is represented by a non-aqueous layer interposed 
between two aqueous phases, one representing the external solution, 
the other the cell sap. 

The order of penetration through the non-aqueous layer is 
Cs > Rb > K > Na > Li. 

This will be recognized as the order of ionic mobilities in water. 
Nevertheless the movement is mostly in molecular form in the non- 
aqueous layer (which is used in the model to represent the protoplasmic 
surface) since the salts arc very weak electrolytes in this layer. 

The chief reason for this order of penetration lies in the fact that the 
partition coefficients exhibit the same order, that of cesium being 
greatest and that of lithium smallest. 

The partition coefficients largely control the rate of entrance since 
they determine the concentration gradient in the non-aqueous layer 
which in turn controls the process of penetration. The relative 
molecular mobilities (diffusion constants) in the non-aqueous layer 
do not differ greatly. The ionic mobilities are not known (except for 
K+ and Na+) but they are of negligible importance, since the move¬ 
ment in the non-aqueous layer is largely in molecular form. They may 
follow the same order as in water, in accordance with Walden’s rule. 

Ammonium appears to enter faster than its partition coefficient would 
lead us to expect, which may be due to rapid penetration of NH*. This 
recalls the apparent rapid penetration of ammonium in living cells 
which has also been explained as due to the rapid penetration of NH3. 

Both observation and calculation indicate that the rate of penetration 
is not directly proportional to the partition coefficient but increases 
somewhat less rapidly. 

Many of these considerations doubtless apply to living cells. 



BLAIR’S “CONDENSER THEORY” OF NERVE EXCITATION 

By W. a. H. RUSHTON 

{From the Physiological Laboratory, University College, London, England) 
(Accepted for publication, November 8,1933) 

In four recent papers, Blair (1931-32; 1932-33) has developed a 
mathematical concept which he believes to underlie the excitation 
process in nerve and muscle, and he urges that a deeper insight will be 
gained into this process if observations are expressed in terms of the 
equations which he has derived. Since on the one hand many experi¬ 
menters do not easily digest the somewhat rich diet of mathematics 
provided in these papers, and since on the other the author appears to 
have overlooked certain defects in his theory, it is proposed in this 
note to point out in non-mathematical terms some qualitative ad¬ 
vantages and quantitative objections to Blair’s treatment. 

Prolonged Currents 

When a constant current is applied to a tissue, the excitatory state 
first quickly rises and then (if the threshold is not reached) slowly de¬ 
clines, though not to zero. It is thus possible by increasing a current 
in small steps to apply without response a current much in excess of 
the rheobase. If the steps are infinitesimal the case becomes that of 
slowly rising currents. This property appears to be one of the funda¬ 
mental facts to be answered in any comprehensive theory. It enters 
into all discussions of Nemst’s hypothesis under his term “accommoda¬ 
tion” and has proved the stumbling block in many treatments. In 
particular one of the limitations of the “condenser theory” is that it 
will not contemplate this property of nerve and muscle. 

If a tissue is represented as a shimted condenser (Fig. 1) it is appar¬ 
ent that when a certain voltage is applied and retained constant, the 
charge on the condenser will rise to a value characteristic of that volt¬ 
age, and become quite independent of whether the voltage initially 
rose suddenly or exceedingly gradually. And this which is intuitively 
clear from electrical considerations equally follows from Blair’s equa- 
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tions which are the exact mathematical equivalent. It is consequently 
obvious that the condenser theory is quite inapplicable to cases of 
prolonged currents, because the tissue “accommodates” and the con¬ 
denser does not. 

Blair, however, attempts to apply his equations to the cases of slowly 
rising currents, but shelves the only significant aspect of the question— 
the minimum gradient—by suggesting that this is due to some phe¬ 
nomenon different from the local excitatory process. 

With regard to the opening excitation, which originates at the anode, 
it has been usual to regard this as some sort of rebound after the proc¬ 
ess of “accommodation.” If this is the case the consideration were 
well postponed until some clearer views are available concerning the 
minimum gradient—^which is probably closely related. Blair, how- 


-AMAnm — 


mi\mh 



Fig. 1 

ever, supposes that the opening excitation is due to a sudden shift in 
the sensitivity of the tissue so that a certain magnitude of the excita¬ 
tory process, inadequate to excite while the current is flowing, suddenly 
becomes adequate owing to the threshold falling faster than the rate 
of decay of the excitatory process. 

Since this requires that the opening excitation should occur at that 
electrode where excitability was enhanced during the current flow, 
namely the cathode, this concept is quite untenable. 

These considerations emphasise that whatever may be the ad¬ 
vantages of the condenser theory for brief currents, the theory un¬ 
modified has no place at all in relation to prolonged currents. 

It is very easy to make a suitable modification, for instance by the 
assumption that there is polarisable connective tissue in series with 
the tissue. This accounts qualitatively for all the chief results with 
prolonged currents—^the minimum gradient, the opening excitation. 
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etc.,—and if this polarisation is represented as a leaky condenser it is 
easy to derive the appropriate equations. But what is required is the 
physical investigation of what polarisation does in fact occur, not what 
equations result from supposing that such a polarisation behaves like 
a parallel plate condenser. 


Brief Currents 

The fact that the condenser theory is inapplicable to conditions in¬ 
volving “accommodation” does not in any way invalidate it as a 
theory applicable only to brief currents, for in these cases “accommo¬ 
dation” whatever it is, may be regarded as insufficiently developed 
to be significant. 

I wish to suggest that in this domain the condenser theory is a useful 
qualitative guide, and a valuable basis upon which to build a more 
accurate concept of the excitatory process. But both in its simplest 
form and in the modification by Blair it is quantitatively inadequate. 

Blair does not explicitly assume that the tissue is to be regarded as 
a shunted condenser (Fig. 1), but he postulates that it obey the mathe¬ 
matical law which governs the flow of electricity in such a condenser 
system, and hence all the results which he derives arc identical with 
those on the condenser theory. 

Actually he claims that a nerve cannot be regarded as a condenser since other¬ 
wise an alteration in series resistance would change the time relations. This argu¬ 
ment falls to the ground if the condenser is assumed shunted by a resistance small 
compared with the series resistance. The recent papers of Umrath (1930) and 
Eichler (1931) deal with this matter experimentally and in detail. 

Turning now to Blair’s form of the condenser theory, we note that 
he first makes the assumption that the condenser must attain a certain 
fixed charge h in order that excitation may occur. This is a very 
reasonable physical concept (and by no means a new one) but it has 
the disadvantage that it does not accurately fit the facts. To remedy 
this the assumption is now modified, and the charge must attain not h 
but h -f- aV, where V is the applied voltage at the moment of excita¬ 
tion, and a is a constant. There is no physical justification for this 
assumption nor can I find a physical meaning to it. It appears, more¬ 
over, to be contrary to facts. 
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In many preparations Blair claims that a is positive; let us con¬ 
sider what happens in this case according to Blair’s hypothesis. If the 
tissue is excited by a constant current of voltage V, the threshold 
during the whole period of current flow will be A + aV, but the instant 
after the current ceases the threshold will have fallen to h. Now the 
excitatory process takes a finite time to decay, hence it will not have 
diminished appreciably between the instant before and the instant 
after breaking the stimulating circuit. Consequently, if the excitatory 
process had attained the value h before breaking, it would have at¬ 
tained this value the instant after breaking and consequently would 
cause excitation. We must therefore conclude that where a is posi¬ 
tive the threshold required will not be A -|- aF but still A. 

But not only does the hypothesis which we are considering bring 
the results no nearer the facts but it also involves two conclusions of a 
very startling kind. For if the rheobase current be stopped after 
flowing for a duration just greater than the utilisation period it need 
only be such a strength as will cause the excitatory process to attain A. 
If, however, the rheobase be continued indefinitely so that excitation is 
observed to occur while the current is still flowing, then the excitatory 
process must attain the value A -1- aVn where F* is the rheobase in 
this case. It is obvious that according to this a higher threshold is 
required for a current which continues than for one which is stopped, 
which is very contrary to experience. 

Again it appears that at the instant of starting the stimulus the 
threshold will rise from A to A -f aV. If F is negative (i.e. the point 
we are considering is anode) the threshold will not rise but fall when 
the current starts, and if F is made large enough the threshold will fall 
below zero; i.e., the tissue will be excited by the resting value of the 
excitation process. This result is surprising; it signifies that with 
strong currents, excitation should arise at the anode, the current need 
not flow for any finite duration, nor is the threshold reduced by in¬ 
creased duration of flow. 

Nothing would be served by dwelling further upon Blair’s modifica¬ 
tion of the condenser theory, for we have seen that it is imrelated to 
any likely physical mechanism, that it does not in fact fit observations 
any better than the unmodified theory and that it involves conse¬ 
quences of a totally inadmissible kind. 
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CONCLUSIONS 

With regard to the advantages of the condenser theory, they have 
been urged by so many authors from time to time in connection with 
so many different experimental investigations, that it is impossible to 
treat the matter in this place. Suffice it to state that although it rarely 
happens that the theory fits accurately the observations, yet over a 
ve^ large range there is a good qualitative correspondence, and this 
is illustrated in the papers of Blair. In particular in the calculations 
relating to strength-duration curves and voltage-capacity curves, the 
latter relation was determined from the former without any arbitrary 
constants at all, and the correspondence is sufficiently striking. 

The following conclusions therefore seem permissible. 

The condenser theory in its simple form though quite misleading 
when applied to cases of prolonged currents is a useful qualitative 
guide where brief currents are concerned. 

The semiquantitative correspondence which subsists between 
theory and observation in a very wide field suggests that something 
equivalent to the condenser mechanism may underlie the phenomena 
of excitation as commonly measured. The particular modification of 
this theory put forward by Blair, however, is not physically plausible 
and leads to inadmissible conclusions. 

SUMMARY 

Blair’s recent theory of excitation is analysed with the following 
conclusions: 

1. The theory is inapplicable to currents of long duration; i.e., slowly 
increasing currents and the opening excitation. 

2. The theory is a modification of the condenser theory of excitation 
but the modification is to be rejected on three grounds: 

{a) The modification has no obvious physical significance. 

{b) It does not in fact remedy the divergence between calculation 
and observation. 

(c) It leads to certain conclusions of a surprising kind which are 
contrary to observed fact. 

3. The qualitative value of the condenser theory is demonstrated 
by the fairly close agreement between calculation and observation over 
a considerable field of enquiry. 
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CORRECTIONS 


In Vol. 17, No. 3, January 20, 1934, page 32^^, formula (2) should have 
included in the numerator a series of major parentheses; i.e,, for 


percentage of bound water 


Aa — 


1000 

892 


A + Km 


Aa 


1000 
892 ^ 


X 89.2 


read 


percentage of bound water 


Aa 



1000 \ 

- A -j- Km] 

892 / 


Aa 


1000 

- A 

892 


X 89.2 


In Vol. 17, No. 3, January 20, 1934, in the equation in the center of page 

4 _L f\ e ^ 4 I rv r u. 


368, a decimal point has been omitted. For rj 


1 + 0S(/» 

(1 -<i>y 


read n = 


1 “1“ 0.5 0 

(1 - <t>y 




TIHE TIME CURVE OF FACET DETERMINATION IN AN 
ULTRABAR STOCK OF DROSOPHILA MELANOGASTER 

By a. H. HERSH 

{From the Biological Laboratory, Western Reserve University, Cleveland) 
(Accepted for publication, August 25, 1933) 

In the bar series of Drosophila flies developing from larvae which 
have been transferred from one temperature to another before the 
onset of the facet determination period have the average facet number 
characteristic for flies which have spent the whole period of their 
development at the temperature to which the transfer has been made. 
If the transfer is made after the end of the determination period, then 
the average facet number is characteristic for flies which have spent 
the whole period of their development at the temperature from which 
the transfer has been made. If the transfer has been made during the 
effective period some intermediate number of facets results. 

Such relations are illustrated by the data and figures published by 
Luce (1931) for infrabar flies. From his Table 2 and Fig. 3 it can be 
seen that infrabar females which have been transferred as larvae to 
17° at any time before the 64th hour of their development at 27° 
have approximately 131 facets, which is the average number of facets 
that infrabar females possess if the whole period of their development 
is passed at 17°. When the larvae are transferred to 17° at any time 
after the 89th hour of their development at 27°, the resulting flies have 
approximately 272 facets which is the average number of facets that 
infrabar females possess when the whole period of their development 
is passed at 27°. Flies developing from larvae transferred to 17° 
at some time after the 64th and before the 89th hour of their develop¬ 
ment has been passed at 27° have a facet number intermediate between 
131 and 272 facets. For example, the flies developing from larvae 
transferred to 17° at the end of the 80th hour of their development at 
27° have on the average 222 facets. The curve of the directly observed 
data connecting the two lines for the facet levels of the upper and 
lower temperatures (Luce, Fig. 3) is thus a compound curve. Each 
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point on the curve is the sum of a certain number of facets determined 
at the beginning of the effective period at 27° plus a certain number 
which are produced presumably in the latter part of the period at 17°. 
If we knew for different points on the compound curve the two com¬ 
ponent values, then these data would allow one to reach in this indirect 
manner the time course of facet determination. 

When the length of the effective period is known for the two tem¬ 
peratures, along with the average number of facets produced at these 
temperatures, and also the number of facets produced for different 
times of transfer during the effective period, then all the available 
data are in hand for attempting the dissection of the compound curve 
into its two components. The simplest possible assumption to make 
for proceeding with the analysis of the data is that if a certain per¬ 
centage (x) of the effective period is completed at the temperature 
from which the transfer is made, then the remainder (100-«) is passed 
at the temperature to which the transfer is made and at the rate 
characteristic for the temperature concerned. It will be shown below 
that the data may be quite satisfactorily analyzed on the basis of this 
assumption. One may, however, doubt the correctness of the assump¬ 
tion, but whatever error is involved does not seem to be larger than 
the experimental error. A further assumption which needs to be made 
for undertaking the analysis is in regard to the form of the function 
descriptive of the time course of facet determination. The simplest 
assumption in this regard is that the time curve is linear. This as¬ 
sumption does not lead to satisfactory results. Likewise the assump¬ 
tion that the increase in facets is a simple exponential function of 
time is inconsistent with the data. The assumption on the basis of 
which the results to be discussed were obtained was that of a symmetri¬ 
cal sigmoid curve. Since consistent results are obtained a presump¬ 
tion is created that the assumptions made are to be accepted as being 
in agreement with the facts but one may not conclude that the result¬ 
ing equations necessarily give the form of the true function. To draw 
such a conclusion it would need to be shown further that the form of 
function which gives consistent results is the only one that could 
possibly apply. 

The problem may be formulated anal)dically in the following terms: 
The number of facets (y) in flies resulting from the transfer of larvae 
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in the effective period is a function of the time (t) spent in the effective 
period at the temperature from which the transfer is made, that is, 

y “fit) 

This fimction gives the compound curve. Of the number of facets 
(y) at any value of t, some are produced at the temperature from which 
the transfer is made and the remainder at the temperature to which 
the transfer is made. Any particular value of the function is conse¬ 
quently the sum of two definite integrals. 

+ r 

Jo 27 * Jx 17 * 

The first term to the right in the equation gives the number of facets 
determined during a certain percentage of the effective period at the 
temperature from which the transfer was made, indicated as 27°, 
while the second term gives the nxunber of facets determined during 
the remainder of the effective period at the temperature to which the 
transfer was made, indicated as 17°. The terms under the integral 
signs are in each case the first derivative with respect to time of the 
function describing the time course of facet determination at each 
temperature. And since we make the assumption of a symmetrical 
sigmoid curve then for each temperature 

y = ky (A - y) 
at 

in which A is the upper asymptote, given by the average number of 
facets produced at each temperature when the whole period is passed 
at one temperature, and k is the velocity constant to be estimated 
from the dissected data. When integrated this equation in straight 
line form becomes 


log — = K it - h) 

A - y 

in which K = kA and /i is the time when the period is half completed. 

The determination of the compound curve, y = /(/) for the data 
obtained by the method of transferring larvae from one temperature 
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to another would in some cases be obviously complicated and its 
analytic dissection into the two components would be by no means a 
simple task from the standpoint of the application of the necessary 
mathematics. (Indeed I am not aware that mathematics has received 
any extensive application in this direction.) A less elegant method, 
but one which need not lead necessarily to inferior results, is to make 
a simple arithmetic dissection of the data by trial and error and then 
to determine K in the above equation from the resulting data. This 
was the method used in reaching the results given below. 

The purpose of this paper is to present the results of the application 
of this method to the data on ultrabar males and females contributed 
by E. C. Driver (1931). The necessary data were made available to 
the writer by the courtesy of The Wistar Institute where they were 
placed on file by Dr. Driver. 

The object of the analysis is to determine the course of the reaction, 
or in other words, the constants in the above equation. A is given 
directly by the average number of facets possessed by males or females 
when the whole period of development is passed at one temperature 
and these values are given in Table II of the filed data. From Tables 
IX to XIII inclusive of the filed data the limits of the effective period 
may be determined and so h of the above equation becomes known. 
The effective periods estimated from the data are a little longer on 
the average than the results from the same data given by Driver. The 
method used by Driver (1931, p. 10) was to take “the point at which the 
plotted line of facet count by time shows the first definite departure from 
the count of flies at one or other of the two constant temperatures, or, 
if this line is intersected, the point of intersection.” The same general 
method was followed by the writer except that a double logarithmic 
plot was used. An advantage of this method is that it tends to make 
somewhat sharper the points which give the limits of the effective 
period. 

We are especially interested in the value of k, the velocity constant, 
which may readily be known from the relation K = kA. Values for 
the determination of K can be dissected from the observed data by the 
method of simple trial and error. This method is explained in more 
detail in the following paragraph. 

Driver’s Table XIII contains the data for the determination of the 
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limits of the effective period at 27°, which was estimated in the 
manner mentioned above to be 22 hours for males beginning at 57 
hours and ending after 79 hours of larval life were passed at this 
temperature. The larvae in this case were transferred to 17°, at which 
temperature it was estimated from Driver’s Table X that the effective 
period for males was 62 hours long extending from the 130 th to the 
192nd hour of larval life at this temperature. Flies developing from 
larvae transferred to 17° at the 61st hour at 27° had finished 4 hours 
of the effective period at 27°. This corresponds to 11.3 hours at 17°. 
The average number of facets which flies with such history show is 
given in Driver’s Table XIII as 28.0. After trial and error it was 
estimated that about 1 facet was produced at 27°. The remainder, 27 
facets, were produced in the remaining percentage of the period which 
is equivalent to 50.7 hours at 17°. Since males have on the average 
29.0 facets at 17°, from these values then 2.0 facets are produced on 
this basis in 11.3 hours at 17°. Similarly it was estimated in this way 
that at 27° after 7 hours in the effective period there were 3 facets, 
after 9 hours 5.9 facets, after 13 hours 11.5 facets, after 17 hours 16 
facets, after 20 hours 17.4 facets. The value of K at 27° was then 
determined for these dissected values and found to be 0.1696. (For 
all such determinations the use of Table LX, Robertson, 1923, greatly 
reduced the necessary calculations.) 

It happens that 27° was the temperature to which larvae were 
transferred in experiments to determine the lengths of the effective 
period at 17°, 20°, and 22°. Similar determinations for K for the 
curve for 27° from the series of data (Driver’s Tables X-XII) give 
the following values: 0.1615 for the transfer from 17°, 0.1479 for the 
transfer from 20°, and 0.1436 for the transfer from 22°. The close 
similarity of these four values for K makes one feel perhaps more 
confident in the approximation of the assumptions made to the actual 
situation. The average of the foiur values is 0.1557 which is taken as 
the final value of K for the reaction for males at 27°. A temperature 
of 17° was involved in two experiments. The values of K from these 
two cases were 0.0543 and 0.0593, giving an average of 0.0568. The 
rem aining temperatures were involved only once in the transfer experi¬ 
ments. The limits of the effective period at 25° were not determined. 
This temperature was used however in the transfers from 15°. The 
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length of the effective period was estimated by interpolation to be 24 
hours for females and 23 hours for males. With these values then 
the value of K was determined from the values of the dissected data 
obtained from the experimental transfers from 15° to 25°. 

It can be shown that the recombined calculated values are in satis¬ 
factory agreement with the observed values. The differences at only 
a few places are to any significant degree beyond the limits of what is 
statistically desirable. One of the worst fits is given by the compari¬ 
sons to the data for males of Driver’s Table IX: observed facet num¬ 
ber, 19.9 zb 0.43, calculated, 18.79; observed, 21.10 ± 0.46, calculated, 
20.74; observed, 24.18 ± 0.59, calculated, 25.4; observed, 26.70 ± 0.60, 
calculated, 29.84; observed, 31.34 ± 0.56, calculated, 31.5. 

A comparison which is more nearly typical is given by the compari¬ 
son of the recombined calculated results with the observed facet data 
for males of Driver’s Table XII: observed, 17.58 zb 0.36, calculated, 
18.28; observed, 18.20 ± 0.41, calculated, 18.7; observed, 18.71 zb 
0.39, calculated, 19.17; observed, 19.02 ± 0.40, calculated, 19.6; ob¬ 
served, 19.58 ± 0.42, calculated, 19.92; observed, 20.34 zb 0.44, calcu¬ 
lated, 20.2; observed, 20.77 ± 0.36, calculated, 20.6; observed, 21.20 ± 
0.42, calculated, 21.1. 

The results of the analysis carried out in this way are given in the ac¬ 
companying Table I (see also Fig. 1). It can be seen from this table that 
with increasing temperature the duration in hours of the effective period 
decreases. A graph showing the relation is composed of two curves, 
concave upward, with a discontinuity in the neighborhood of 21°. 
The rate of the reaction as shown by k increases with increase in 
temperature and likewise shows a break near 21°. Since there are but 
three values on either side of the discontinuity it cannot be stated 
definitely whether k in its temperature relation conforms to the well 
known Arrhenius equation. In ^ = fi/RT. 

The facet number/temperature relation in the bar series conforms 
as an approximation to a simple exponential function y = ae'*. For 
the ultrabar stock used in the present experiments r has the value 
—0.0443 for females and —0.0527 for males for the interval 15-27°. 
The first derivative of facet number with respect to temperature gives 
the facet decrease per degree. It may be considered as a measure of 
difference in growth rate. If this b the case then there should be some 
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definite relation between the first derivative and k, the velocity con¬ 
stant of the facet-determining reaction, provided of course that the 
assumptions made for the determination of k are an approximation to 
the actual case. That there is such a relation can be seen from the 
data in Table I. For both males and females as k increases in geo¬ 
metric progression the first derivative decreases approximately in 
geometric progression, that is, the relation is approximately hyper- 

TABLE I 

Summary of data on the temperature-effective periods and the constants of the 
sigmoid curve for the time course of facet determination in ultrabar males and 
females. The first derivative of facet number with respect to temperature is also 
given. 


Temper¬ 

ature 

Sex 

Limits of 
effective 
period, 
hrs. of 
larval life 

Limits of 
effective period, 
per cent larval 
Ufe 

Length of 
effective 
period, 
hrs. 

Length of 
effective 
period, 
per cent 
larval life 

A 

K 

* X I0« 

dy 

dt 

•c. 

15 

9 9 

190-288 

32.98-50.0 

98 

17.02 

26.5 

0.0355 

0.1340 

1.18 

15 

&& 

188-290 

32.64-50.35 

102 

17.71 

32.0 

0.0330 

0.1031 

1.69 

17 

9 9 

127-192 

38.48-58.18 

65 

19.6 

24.6 

0.0574 

0.2333 

1.08 

17 

cfcf 

130-192 

39.39-58.18 

62 

18.79 

29.0 

0.0568 

0.1959 

1.52 

20 

9 9 

108-156 

45.00-65.00 

48 

20.0 

21.5 

0.0709 

0.3298 

0.95 

20 


112-158 

46.67-65.83 

46 

19.16 

24.5 

0.0705 

0.2878 

1.30 

22 

9 9 

83-112 

48.54-65.50 

29 

16.96 

19.5 

0.1443 

0.7400 

0.87 

22 


84-110 

49.12-64.33 

26 

15.21 

21.8 

0.1132 

0.5193 

1.17 

25 

9 9 



24 

17.80 

17.5 

0.1448 

0.8274 

0.76 

25 

d'd' 



23 

17.69 

18.3 

0.1605 

0.8770 

0.99 

27 

9 9 

56-77 

50.00-68.75 

21 

18.75 

15.5 

0.1977 

1.2755 

0.69 

27 


57-79 

50.89-70.54 

22 

19.64 

17.7 

0.1557 

0.8797 

0.90 


bolic. From this result it seems safe to conclude that the use of the 
first derivative as a measure of the difference in growth and the under¬ 
lying assumptions made to proceed with the analysis of the data for 
the determination of k of the facet-producing reaction are mutually 
confirmatory. 

The facet-determining reaction may be considered further from two 
different aspects. First, in some sense it may be considered as a unit 
in itself and looked upon as one component of the whole developmental 
series, where it is coordinated in some functional relation to other 
component developmental processes. While it is interesting to know 
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its length in hours yet from the point of view just expressed the ques¬ 
tion arises as to what is the relation which it bears to other similar 
processes for other organs and to the whole. Its duration in terms 
of the per cent of larval life which the period covers is approximately 
constant, about 18 per cent of the whole larval life. Its date, that is 
its temporal position in the developmental series, changes with change 
in temperature. It is earlier at the lower temperatures and later at 
the higher temperatures. For example, in females the effective period 



Time 


Fig. 1. Showing the course of facet determination at different temperatures in 
ultrabar males (data by Driver, 1931). 

at 15° covers the interval from 33 to SO p>er cent of the larval life and 
at 27° it begins at SO per cent and extends to 68.8 per cent of the 
larval life (see Table I). From the point of view mentioned what we 
should especially like to do in this and similar cases is to relate the 
rate of the facet-determining process to that of other similar processes 
and to the rate of the development of the whole, such as might be 
obtained from data giving the growth of the larvae throughout their 
development and more particularly at the time of the facet reaction 
period. It is to be expected that a change in temperature affects such 
processes differentially (see Zeleny, 1923) so that the ratio of the 
relative growth rates will vary with the temperature. 
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Some general notion of such relationships may be obtained from Fig. 
2. Alpatov’s data (1929,Tables 6-8) served as the basis for thecurves 
for the growth in length of the larva during the three instars. Both 
axes have been reduced to a percentage basis and the effective periods 
for the males at the different temperatures superimposed at the 



Berceoto » io 30 ao »o «o 70 m 90 

Hours of larval life 

Fig. 2. The curves of Fig. 1 with each axis reduced to unity, that is taken as 100 
per cent, are superimposed at their proper places upon the curves of growth show¬ 
ing the percentage increase in larval length for the three instars. 

appropriate places on the curves showing the percentage increase in 
larval length for the three instars. It can be seen that the effective 
periods for 15°, 17°, and 20° fall entirely or mainly in the second instar, 
while the effective periods for higher temperatures fall in the third 
instar. The conclusion suggests itself that the discontinuity found in 
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the value of k between 20° and 22° is causally related to the change in 
the relation of the effective period to the instars. 

In the figure the effective period for each temperature has been 
plotted in a similar way with the abscissae representing percentages 
of the effective period and the ordinates percentages of the average 
number of facets at the different temperatures. The imderl 3 H[ng 
idea here is that of the relative growth function, y — bx’‘. One 
of the ways in which this function can be stated is as follows: If a 
variable x increases by a certain per cent, another variable y increases 
likewise by a certain fixed per cent. The ratio of the per cent 
increase in y to the per cent increase in x gives the value of k, the 
coefficient of growth partition. It is inadvisable to make any more 
direct application of the relative growth function to the data than 
can be grasped from the figure since the data available for growth 
in larval length are for 28° only and for a different stock. It can be 
seen, however, that k, the coefficient of growth partition, would almost 
certainly change with temperature and perhaps be constant for any 
particular temperature. There is an indication of a change in the 
coefficient of growth partition for those temperatures where the facet 
curve of Fig. 2 approaches its asymptote while the curve for increase 
in length is in a quite different section of its course. In regard to a 
value for k it can be seen from Fig. 2 that as the larval length, taken 
as a; in the relative growth function, increases by about 1 per cent, 
the facet number (y) increases by about 5 to 7 per cent. Con¬ 
sequently for these variables k of the relative growth function has a 
value in the neighborhood of 5 to 7. 

The facet-determining process may be considered, secondly, from 
the standpoint of the nature of the events which occur in the optic 
disc during the temperature-effective period. If the sigmoid curve is 
a true approximation for describing the course of the reaction then it 
may be said that differences between members of the bar series in 
regard to the process of facet determination do not represent merely 
developmental arrests of the process at some greater or lesser distance 
from a common upper asymptote, but the termination of the process 
is approached asymptotically. The same conclusion applies to the 
action of different temperatures on any particular member of the 
series, if ultrabar may be considered as typical of the entire series. 
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It is known from the work of Hewitt (1908) that in Musca domeslica 
the optic disc (D) gives rise to ommatidia (0) and hypodermis (H) of 
the side of the head. This reaction which is equivalent at least formally 
both to a monomolecular reaction and to an embryonic segregation, 
may be symbolized as follows 

D-*o + n 

Is it this reaction which occurs during the effective period? Another 
possibility is the suggestion that during the effective period the optic 
disc is merely a center of mitotic activity with the embryonic segrega¬ 
tion occmring instantaneously at the end of the period. Such an 
instantaneous reaction, at least from a chemical point of view, would 
require that the elements taking part in ommatidial production would 
be in the same state at that instant, so that the reaction (segregation) 
would take place with infinite rapidity. A third possibility would 
allow for the optic disc during the effective period to be both a center 
of mitotic activity and also the locus of an embryonic segregation. 

On any of these views it would seem necessary to assume that at 
the beginning of the effective period there would already be a greater 
or smaller number of cells either to begin a cycle of mitotic activity 
or to participate in an embryonic segregation. Consequently one 
would expect the reaction of the effective period to be inaugurated by 
an initial flash productive of a greater or smaller number of facets. 
But if this is the case the consistent results presented above would 
imply that such an initial flash at the beginning of the period in ultra¬ 
bar would not be extensive enough to obscure the sigmoid character 
of the main reaction. 


SUMMARY 

By a dissection of the data obtained by Driver on the effective 
periods at different temperatures in males and females of an ultrabar 
stock of Drosophila melatwgaster it has been found that a symmetrical 
sigmoid curve satisfactorily describes the time course of the facet- 
determining reaction. Consequently the differences between members 
of the bar series in regard to this reaction do not represent merely 
developmental arrests of the process at some greater or lesser distance 
from a common upper asymptote, but the termination of the process 



498 


DROSOPHILA MELANOGASTER 


is approached asymptotically. The velocity constant/temperature 
relation shows a discontinuity in the neighborhood of 21® which may 
be causally related to the change in the position of the effective period 
from the second to the third instar. The velocity constant apparently 
does not conform to the well known Arrhenius equation in its relation 
to temperature. 
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THE REVERSIBLE INACTIVATION OF BACTERIOPHAGE 
BY BICHLORIDE OF MERCURY 

By a. P. KRUEGER and D. M. BALDWIN 
(From the Department of Bacteriology, University of California, Berkeley) 

(Accepted for publication, November 20, 1933) 

We have shown (1) that the inactivation of antistaphylococcus 
bacteriophage by 1:10,000 HgCU (0.01 per cent or m/ 2720) at 22°C. 
in infusion broth adjusted to pH 7.6 proceeds according to the equa¬ 
tion: dP/dl = ^[HgClj] [Pc — Pj over the range studied, where P = 
[phage] in activity units, Po = initial phage/ml., and Pi = phage/ml. 
inactivated in time t. 

It was further demonstrated in these experiments that if the inacti¬ 
vated suspension were exposed to the action of HzS when only some 
5 per cent of the original phage remained active the initial titrc of the 
phage suspension was restored. Control experiments indicated that 
the restoration of activity occurring upon precipitation of Hg++ ions 
was due not to any propagation of residual active phage but rather to a 
reactivation of the phage originally inactivated. 

The question arose as to the influence of the time-concentration 
factor on the inactivation process; i.e., whether prolonged exposure to 
Hg++ ions or the use of high HgCL concentrations would irreversibly 
inactivate phage. The present experiments were conducted with this 
in mind. 

The general procedure was to expose standard phage suspensions 
containing 1 X 10‘® activity units/ml. (2) to the action of various 
concentrations of HgCb for given lengths of time. An aliquot of each 
suspension was then titrated for residual active phage while the 
remainder was treated with H 2 S to precipitate Hg^^. The excess H 2 S 
was removed by thorough aeration and the phage concentration of the 
reactivated suspension determined. Details of the methods and the 
experimental controls employed are described in our earlier paper (1). 
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A. Inactivation 

Table I is a summary of eleven experiments. It is evident from the 
results in Experiments 1-6 that inactivation progressing for long 
periods of time does not follow the previously recorded inactivation 
curve which holds for short periods. According to calculations based 
on the experimentally determined value of K for the equation k = 

—-In —^ when [HgClJ = 1/10,000 (0.01 per cent), all 
/[HgCl,] Po - Pi 

the phage should be inactivated at 4.4 hours. Actually, however, 
traces of active phage can be detected even after 268 hours. These 
residual concentrations are beyond the range of titration; for not less 
than 1 X10^ activity units/ml. can be measiured accurately on this scale. 
It is not possible then to follow the remainder of the reaction quantita¬ 
tively and it can merely be said that while the inactivation process 
fits the curve for a pseudomonomolecular reaction xmtil the amount of 
active phage remaining is less than 0.5 per cent of [?]„, the reaction 
beyond this point apparently proceeds more slowly than would be 
anticipated. 

B. Reactivation 

Reference to Table I shows that 100 per cent yields resulted when 
reactivation was performed even after exposure of phage to \ satu¬ 
rated HgClj (2.8 per cent) for 216 hours. In certain earlier experi¬ 
ments, not reported here, we were unable to effect a 100 per cent 
reactivation if [HgClj] were very high and found that to accomplish 
this end it was necessary to dilute the HgClj-phage mixture sufficiently 
{e.g. 1:1,000) before precipitating the Hg'*"'’. When this precaution 
was followed the entire original quantity of phage could be recovered 
(c/. Experiments 9, 10, and 11). 

C. Test for an Activator 

It has been suggested that the phenomenon of phage inactivation 
and reactivation involves some hypothetical activator specific for 
phage rather than the lytic principle itself. Upon this basis it would 
be assumed that the reversible inactivation of phage represents a 
reaction between Hg++ and the activator, the phage being altogether 
unaffected by the bichloride. Against such a postulate are two facts. 



A. P. KRUEGER AND D. M. BALDWIN 


501 


first that no one has demonstrated the existence of an activator for 
phage and, second, that the entire phenomenon of bacteriophagy is 
explicable as a reaction between a single substance, phage, and the 
bacterial cell. Accordingly, there would be no necessity at this time 
to complicate the facts further by picturing phage as consisting of two 

TABLE I 


Reaclivation of Antislaphylococcal Phage after Exposure to HgCh by Precipitation 

of Hg++ 

All experiments in infusion broth at 22°C. pH 7.6. 


No. 

I 

IHgCl,] 

Reactivated 

after 

Initial 

Iphage] 

Residual 
(phaRe) after 
inactivation 

[Phage] after 
reactivation 

Phage 

recovered 



hrs. 




per cent 

1 

1 /10,000 

0.01 per cent 

24 

5 X 10® 

5 X 10» 

4 X W 

80 

2 

1 /10,000 

0.01 per cent 

48 

5 X 10® 

3 X 10^ 

5 X 10» 

100 

3 

1 /10,000 

0.01 per cent 

48 

5 X 10^ 1 

1 X 106 

4.5 X 10® 

90 

4 

1 /10,000 

0.01 per cent 

72 

5 X 10» 

3 X 10* 

5 X 10® 

100 

5 

1 /10,000 

0.01 per cent 

168 

5 X 10» 

Trace 

5 X 10® 

100 

6 

1 /10,000 

0.01 per cent 

268 

5 X 10» 

Trace 

5 X 10® 

100 

7 

1 /2,000 

0.05 per cent 

48 

5 X 10» 

Trace 

4.8 X 10® 

96 

8 

1 /2,000 

0.05 per cent 

120 

5 X 10» 

Trace 

5.2 X 10® 

104 

9 

1/36 

2.8 per cent 

50 

5 X 10» 

None 

4.5 X 10® 

90 


1/36 

2.8 per cent 

50 

5 X 10» 

None 

5 X 10® 

100 

11 

1/36 

2.8 per cent 

216 

5 X 10» 

None 

4.7 X 10® 

94 


components. Certainly the tendency to analyze biological phenom¬ 
ena by invoking different reactants for each stage of a reaction has 
not produced happy results in the past. 

To seriously rule out the existence of an activator for phage is a 
formidable experimental task and for the present it seemed adequate 
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merely to attempt its detection by certain simple obvious tests. 
These have been conducted by assuming that the hypothetical 
activator has a particle size different from that of phage or that it is 
more heat-resistant than phage. 

Experimental .—Phage was filtered through an acetic collodion 
membrane (3) of the minimal pore size permitting it to pass without 
reduction in titre. If the activator particles were larger than phage 
one would expect them to be retained by the membrane. The primary 
filtration was followed by filtration with five separate 10 cc. amounts of 
broth and the membrane was then triturated in broth to put in sus¬ 
pension retained activator particles. This fraction was called No. 1. 

Similarly phage was filtered through an acetic collodion membrane 
(3) of maximal pore size retaining phage completely. Should the 
activator be smaller than phage the filtrate (fraction 2) should contain 
it. 

It has been shown (4) that a temperature of 60°C. acting for 1 hour 
will completely inactivate phage. Were the activator more resistant 
to temperature than phage it should survive this treatment. Accord¬ 
ingly phage was heated to 60°C. for 1 hour under the conditions speci¬ 
fied in the earlier paper (4) and after cooling, it was designated frac¬ 
tion 3. 

To test for the presence of an activator in the above three fractions 
phage was partially inactivated by exposing it to 0.01 per cent HgCU 
for 0.4 hour. Samples for titration were diluted 1:1,000 and 1:10,000 
with broth, in order to determine the residual concentration of “acti¬ 
vated” phage. Identical samples were diluted 1:1,000 with each of 
the three fractions to be tested for the presence of the activator. If 
such an activator were present it would be expected to replace that 
destroyed by HgCU. However, the titration figures were identical in 
each case indicating the absence of an activator under the conditions 
obtaining in these tests. 


DISCUSSION 

The accepted mechanism of action of bichloride upon bacterial cells 
involves a twofold effect: first, a preliminary stunning of the growth 
function, and, second, with increasing time-concentration values, a 
profound lethal action. It has been demonstrated that in certain 
instances the primary toxic effect can be reversed by precipitation of 
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the Hg ions (5). The second phase of the reaction, however, cannot 
be reversed. 

This sequence of events apparently does not take place when HgCl* 
acts upon phage. That is, within comparable limits of concentrations 
and time the bichloride-phage reaction is completely reversible while 
the bichloride-bacterium reaction is only partially reversible. Unfor- 
timately one difl&culty presents itself in comparing available data con¬ 
cerning the two reactions; the reports on reversible disinfection of 
bacteria employ a qualitative criterion of survival in judging the 
efficacy of reversal procedures, and reversal is said to have occurred 
if any fraction of the treated bacterial suspension, no matter how small, 
is capable of growth. There is nothing to suggest in such end-point 
experiments that reactivation has taken place uniformly throughout 
the bacterial population, whereas in our phage experiments we not only 
have demonstrated the qualitative phenomenon of reversal but have 
shown that all the inactivated phage could be reactivated. 

Admitting this incongruity of data, there is still sufficient analogy to 
make comparison interesting. For example, Gegenbauer (6) found 
that S. aureus cultures exposed to 1:2,000 HgCla (0.05 percent) 
contained viable survivors after 1.3 hours but were altogether non- 
viable after 2.3 hours. When exposure was followed by treatment 
with HaS, survivors were present after 72 hours in HgCU but not after 
101 hours. Chick’s results with B. paratyphosus (5) are of the same 
general order. With phage 100 per cent of the original lytic principle 
can be recovered after 120 hours exposure to the identical concentra¬ 
tion of bichloride. 

Even when the very resistant sjwres of B. anthracis are employed as 
the test organism and the same end-point technique is followed, 
bacterial protoplasm is found to be irreversibly damaged by high 
concentrations of Hg++. Thus Muller (7) reported the following 
experimental data: 


Anthrax Spores Treated with HgCh at 37°C. 
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In contrast phage can be reactivated with a 100 per cent 3 deld after 
9 days in 2.8 per cent of HgClj. 

The experimental evidence then sets phage apart from bacterial 
protoplasm whether the latter is a vegetative cell or a resistant spore 
form, in that a single reagent, bichloride, acting upon these two sub¬ 
stances appears to evoke fundamentally different reactions. It might 
be said, of course, that just as anthrax spores are more resistant to the 
final lethal action of HgCU than vegetative cells in general, so phage is 
simply a still more resistant form of the same elementary protoplasm 
and that analogy is incomplete merely because we have not examined 
all existing forms of bacterial life from the standpoint of inactivation 
and reactivation. This conclusion is theoretically as tenable as an¬ 
other which could be drawn from the experimental data; namely, that 
the difference between the bichloride-bacterium reaction and the 
bichloride-phage reaction speaks for a significant difference between 
bacterial protoplasm and the substance we call phage. Here analogy 
would place phage with the enzymes, for there are recorded numerous 
mstances of complete reactivation of enzymes after inactivation with 
a variety of ions (8-11). 

In the light of present knowledge one cannot conclusively select one 
hypothesis to the absolute exclusion of the other. It can merely be 
said that if phage consists of small corpuscles of protoplasm, as some 
believe, it is a unique form of this substance, infinitely less susceptible 
to the toxic effects of HgCh than the most durable forms so far investi¬ 
gated. 


CONCLUSIONS 

1. The complete inactivation of antistaphylococcal phage by HgCl* 
(2.8 per cent for 216 hours) can be reversed by precipitation of Hg++ 
with restoration of the phage to its original titre. 

2. This behavior seems more compatible with the known proper¬ 
ties of certain enzymes than with those of living protoplasm. 
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THE KINETICS OF PENETRATION 

VIII. Temporary Accumulation 
By W. J. V. OSTERHOUT and S. E. KAMERLING 
{From the Laboratories of The Rockefeller Institute for Medical Research) 
(Accepted for publication, November 14, 1933) 

Potassium accumulates in many living cells, becoming much more 
concentrated inside than outside. This also happens in certain 
models* in which carbon dioxide is continuously supplied to the arti¬ 
ficial sap to imitate its production by the living cell. In such models 
the concentration of potassium steadily increases up to a certain point 
and then remains stationary while the volume of the artificial sap 
continues to increase. This seems analogous to what happens in 
growing cells. 

The nature of accumulation in such cases can be shown more clearly 
by setting up a system which is left to itself instead of being continu¬ 
ally supplied with new material. 

As an example we may cite a model in which 0.03 M KOH was placed 
in an outer aqueous phase A separated by a non-aqueous phase B, 
from an inner aqueous phase C containing 1.0 M HCl, which may be 
called artificial sap. Phase B consisted of 70 per cent guaiacol plus 
30 per cent ^-cresol which substances may be collectively designated 
KG. KOH reacts with HG to form KG and passes as such through 
BtoC where it reacts with HCl to form KCl. The result is the same 
as though KOH passed as such, so that we may speak of KOH as 
passing through B to C. 

A typical experiment (No. 123) was made as follows; Model I was used.* 
Phase A contained at the start 2 liters of 0.03 m KOH, phase B 1100 cc. of G. C. 
mixture (70 per cent guaiacol plus 30 per cent ^-cresol) which was saturated with 
water, and phase C contained 100 cc. of 1.0 m HCl. Phases A and B were stirred 
mechanically, phase C by bubbling a stream of air. The temperature varied from 
21-25‘’C. From time to time phase C was removed, its volume determined, and 

»Osterhout, W. J. V., and Stanley, W. M., J. Gen. Physiol, 1931-32, 16, 667. 
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a sample taken for analysis. The total acidity was determined by titration with 
standard alkali, the concentration of chloride ion was determined by titration with 
standard silver nitrate, potassium thus being found by difference. Values for the 
potassium concentration so obtained checked satisfactorily with those found by 
our customary procedure.^ 


We have KOH on one side of the non-aqueous layer and HCl on the 
other. They tend to mix by passing through this layer and forming 
KCl in A and in C. But in a given time so much more KOH than 



Fig. 1 . Curves showing that the concentration of potassium in C reaches a 
maximum (at S) and then fahs off. The concentration of KOH in A, and of HCl 
in C, falls from the start. In this experiment (No. 123) A contained at the start 
0.03 M KOH, B was guaiacol plus p-cresol, and C contained 1.0 M HCl at the 
start. Volumes of C are given in cubic centimeters. 

HCl passes through B that most of the KCl is formed in C, where the 
concentration of potassium becomes much greater than in A. This, 
however, is only temporary for when the system comes to equilibrium 
the composition of A and C will be identical since all the substances 
present can pass through the non-aqueous layer. 

The behavior of potassium is seen in Fig. 1.* Its concentration in 
the artificial sap (in C) increases until it is much greater than in the 

* In this, as in the other figures, the curves are drawn free-hand to give a 
rough fit. 





W. J. V. OSTERHOUT AND S. E. KAMERLING 


509 


external solution (in ^4). It reaches a maximum at S and then declines.* 
At equilibrium it will be the same in A and C. The decline is analogous 
to what happens in a dying cell and equilibrium corresponds to death.* 

The rapid inward movement of potassium at the start depends on 
two things, (1) KOH reacts with the guaiacol and />-cresol to form 
organic salts which may be collectively called KG and treated as one 
since their behavior is very similar. (2) KG has a relatively high 
partition coefficient* (defined as the concentration in the non-aqueous 
divided by that in the aqueous phase) and in consequence a relatively 
high concentration gradient in B, as the result of which its diffusion*-* 
through B is relatively rapid. (As explained in previous papers*-* it 
moves through B chiefly in molecular form.) 

When KG reaches the artificial sap it is changed to KCl according 
to the scheme 


KG + HCl = KCl + KG 

and HG is retained in B. The result is the same as if KOH penetrated 
and reacted in the sap according to the scheme 

KOH + HCl = KCl + HjO 

We may use this scheme as more convenient and state that 
potassium will tend to enter as long as the ionic activity product (K) 
(OH) is greater in A than in C. 

As KCl has a relatively low partition coefficient in B its concentra- 

* The concentration declines for two reasons, (1) water moves from A to C, and 
(2) KCl moves from C to ; there is also a movement of HCl in the same direction 
which continues as long as the pH of ^4 b greater than that of C (which is still the 
case at 1551 hours). 

These movements, of course, influence the volumes. At the start the volume 
of i4 is 2 liters: this declines as water moves into C. The volume of C which 
starts at 100 cc. increases and at 1551 hours is 290 cc. This is to be expected 
since the osmotic pressure is higher in C than in A. 

* This might mean a Donnan equilibrium in case the cell contained ions unable 
to pass out through the cell wall. Otherwise the internal and external solutions 
would eventually become identical. 

* Osterhout, W. J. V., Kamerling, S. E., and Stanley, W. M., J. Gen. Physiol., 
1933-34, 17, 445, 469. 

* Osterhout, W. J. V., J. Gen. Physiol., 1932-33,16, 529. 
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tion gradient remains low and it moves outward very slowly. Eventu¬ 
ally, however, as its concentration in C rises, its outward movement 
becomes great enough to offset the entrance of KG so that the con¬ 
centration of potassium becomes practically stationary for the time 
being (S, Fig. 1 ). 

This temporary stationary state corresponds to the permanent 
steady state in those models in which the concentration of KG in A 



Fig. 2 . The concentration of potassium rises to a fixed value; that of potassium 
in A and of CO 2 in C remains constant. In this experiment (No. 64 of previous 
papers^’®’*) A contained at the start 0.05 M KC and this was kept approximately 
constant by a continuous flow, and C contained at the start distilled water; CO* 
was bubbled through C during the entire experiment; B was guaiacol plus ^-cresol. 
Volumes of C are given in cubic centimeters. 

is kept constant®'* and HCl is replaced by CO 2 in C, the concentration 
of the latter being kept constant. We then find (Fig. 2) that the ac¬ 
cumulating substance (which is KHCO 3 instead of KCl) increases until 
its concentration is much higher in C than in .4. In consequence water 
enters C and this continues until the steady state is reached in which 
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water and electrolyte enter in a fixed ratio and the volume of C con¬ 
tinues to increase while its composition remains approximately con¬ 
stant.^ Consequently the potassium curve rises to a certain level at 
which it remains. If the supply of COj falls off the pH of C rises and 
the curve declines. 

The steady state appears to be analogous to what we find in growing 
cells. For example, when we add to the sea water in which Valonia 
is growing* a small amount of NHs it enters and there is a rapid accu¬ 
mulation of NH4CI which reaches a steady state in which its concen¬ 
tration remains approximately constant. 

It would seem that in the cell, as in the model, accumulation depends 
on the fact that the permeability to the accumulating substance is 
greater for the form in which it enters than for the form in which it 
goes out (e.g. greater for NH3 than for NH4CI and greater for KG than 
for KCl). This depends chiefly on the partition coefficients and dif¬ 
fusion constants.*'*'® 

Before leaving this subject let us glance for a moment at the effect 
of injury. This may produce a twofold effect, (1) increase of perme¬ 
ability, (2) lessened accumulation. The total amount of electrolyte 
taken up in a given time will be influenced by these factors and in the 
injured cell may be greater than normal or less, depending somewhat 
on the length of the interval of time chosen. A dead Valonia cell 
might for a short time take up more electrolyte than a living one but 
in the end the living cell would take up more. 

Let us now consider the energy relations. We may write 

Fa =‘Fo-\- 2.3 fir log (K„) (OH„) 


and 


Fc’^ Co + 2.3 fir log (K,-) (OH.) 

where F, is the thermodynamic potential of 1 mole of KOH in the 
standard state. Fa and Fc are the thermodynamic potentials of KOH 

® This is Experiment 64 of a preceding paper (see footnote 1). See also foot¬ 
note 5. 

* Jacques, A. G., and Osterhout, W. J. V., J. Gen. Physiol, 1930-31,14, 301. 
The ammonia appears to enter as NHj rather than as NH 4 +. 

•See Osterhout, W. J. V., Ergehn. Physiol, 1933, 36, 983, ff., 1002. 
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in A and C respectively: (Ko)(OHo) and (K<)(OHi) are the ionic ac¬ 
tivity products outside (in -4) and inside (in C) respectively.^®*^ Hence 


^KOH “ ~ 


2.3 RT log 


(Ko) (OHo) 
(Ki) (OHO 



Fig. 3. Shows changes in the model (Experiment No. 123; see Fig. 1) in respect 
to the following: Akoh> the driving force which causes KOH to move inward 
(i.e, from A to C); Ahci, the driving force which causes HCl to move outward 
(i,e. from C to i4); and Akci^ the driving force which causes KCl (the accumu¬ 
lating substance) to move outward (this passes through a maximum). The 
ordinates for Akoh represent the value of 

Akoh - 2.3 RT log (jQ-^ohO . 

the ordinates for Ahci represent the value of 

^ ^ - T J?r Inn- (C**) 

Ahci =" 2.3 RT log 

(the equation for Akci is similar). We put R = 1.988 and T = 296®. 


Cf. Lewis, G .N., and Randall, M., Thermodynamics, New York, McGraw- 
Hill Book Co., 1923. 
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It is evident that A^oh represents a driving force directed inward 
{i.e. causing KOH to move from A to C) and Ahci and Akci repre¬ 
sent driving forces directed outward. To make this evident in 
the graph (Fig. 3) Aroh and Ahci are plotted in opposite directions. 

We see that A^cij starting at zero, rises and then falls. The fall 
could be prevented if HCl were kept constant in C and if KOH in A 
were continuously renewed by a flow of solution which at the same 
time removed KCl from .4.“ This is evident from Fig. 4 which shows 



Fig. 4. Shows behavior in the model (Experiment No. 64; see Fig. 2 ) of the 
following: Aroh, the driving force which causes KOH to move inward (i.e., from 
A to C); AhjCOi, the driving force which causes H 2 CO 3 to move outward (i.e., 
from C to A); and ArhcOi, the driving force which causes KHCO3 to move out¬ 
ward. After AkhcOi becomes constant the volume of the artificial sap in C con¬ 
tinues to increase (which seems to be analogous to what happens in growing cells). 
Akoh and Ah,cOi would show more change if KOH and CO2 were not continuously 
renewed (this differs from the experiment shown in Fig. 3 in which KOH and HCl 
were not renewed). The ordinates for Akoh represent the value of 

. (K.)(OH.). 

^KOH - 2-3 Eriog^g^y-^^, 


the ordinates for Ah,cOi represent the value of 

{H0(HCO,0 
'^H.CO. - 2.3 «2^1'>g(H.)(HCO,.) 

(the equation for ArhcOi is similar). We put R = 1.988 and T = 296® 


This case would differ from that illustrated in Fig. 1 in that HCl moving into 
A produces relatively little effect since the solution in A is continually renewed. 
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an experiment of this sort in which, however, CO* was substituted^* 
for HCl in C, its concentration being kept constant. 

The calculation of A made it necessary to take account of the activities of 
and Cl“. Although these are not known an attempt was made to approximate** 
them as follows: the activities of K+and Cl" were regarded in all cases as equivalent 
to those in a solution of KCl of the same ionic strength, on the assumption that 
in such a solution the activities of K+ and Cl" are equal. The ionic strength in 
A is practically equivalent to the concentration of and in C to the concentra¬ 
tion of Cl". 

The activity of KCl was taken from the tables of Hamed.** The concentra¬ 
tions in A of K+ and Cl" and the activities of H+ and OH" were in some cases 
estimated by graphic interpolation. 

In the experiment shown in Fig. 3 energy is furnished by the reac¬ 
tions KOH 4- HG = KG -h H*0 and KOH + HCl = KCl 4- H*0, and 
also by differences in osmotic pressure in A and C. In the experiment 
shown in Fig. 4 the chief sources of energy are the reaction KG 4 -HsC 03 
= KHCO 34 -HG, and likewise the continuous addition of KG and CO* 
to the system. There are also differences in osmotic pressure. 

DISCUSSION 

During the first part of the experiment potassium tends to go in as 
KOH (since (K„)(OH„) > (K<)(OH<)) and as KG (since (Ko)(G„) > 
(K j)(G<)), and at the same time to go out as KCl (since (K<)(Cli) > 
(K„)(Clo)). These opposing tendencies do not balance until K,- be¬ 
comes much greater than K,,: hence potassium accumulates. The 
reason is that much less KCl than KG moves through 5 in a given 
time because the partition coefficient of the latter is relatively high. 

**The value of Ah,C0i falls off somewhat because the concentration of CO* in¬ 
creases somewhat in A because CO* moves from C into A a little faster than it is 
removed by the flow of liquid in A. 

It will be noticed that no points are given on the graph in Fig. 4 for AhiCOi 
in the early part of the experiment. This is because no determinations were 
made of CO* in A during the early part of the experiment. 

** A rough approximation is all that can be attempted as individual ion activi¬ 
ties cannot be ascertained. See Guggenheim, E. A., J. Phys. Chem., 1929,33,842; 
Macinnes, D. A., in Cold Spring Harbor symposia on quantitative biology, 1933, 
1,190. 

** Harned, H. S., in Taylor, H. S., A treatise on physical chemistry. New York, 
D. Van Nostrand Company, Inc., 2nd edition, 1931,1, 769, 772. 
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This illustrates very clearly that in addition to the driving force and 
the diffusion constant we must also take account of the partition coef¬ 
ficients. Since KG and KCl are weak electrolytes in £ it is the dif¬ 
fusion constants of the molecules with which we have to do. As KG 
has the larger molecule it probably has the smaller diffusion constant, 
yet moves more rapidly than KCl through B because its partition coef¬ 
ficient and in consequence its concentration gradient is greater. Similar 
principles apply to living cells (where potassium may unite with a 
constituent X of the protoplasm to form JLX). 

It is evident that, other things being equal, accumulation will in¬ 
crease as the pH of the sap decreases, since the products*® (K<)(OHi) 
and (K,)(G<) will be kept lower and consequently the driving force 
of KG and KOH will be greater. Hence anything that checks the pro¬ 
duction of acid by the cell may be expected to check accumulation 
and likewise growth. Conversely a rise of the external pH may be 
expected to have the opposite effect. This accords with experience, 
as discussed elsewhere.® 

This model recalls the situation in Valonia (and many other living 
cells) where potassium accumulates chiefly as KCl. It has been 
suggested*®'® that in this case potassium enters as KOH and forms KA 
in the sap (where A is an organic anion). In some plants it accumu¬ 
lates as Kd* but when HCl exists in the external solution it will tend 
to enter and displace the weaker acid Hd (if this be carbonic it can 
readily escape): hence potassium may accumulate to a greater or less 
extent as KCl. 


SUMMARY 

A model*^ is described which throws light on the mechanism of accu¬ 
mulation. In the model used an external aqueous phase A is separated 

** What applies to one of these products applies also to the other since under the 
conditions of the experiment G~ stands in a constant relation to OH“ (Osterhout, 
W. J. V., J. Gen. Physiol., 1932-33,16, 529. Similar considerations may apply to 
a considerable extent to living cells. 

1® Osterhout, W. J. V., Proc. Soc. Exp. Biol, and Med., 1926-27, 24, 234; /. 
Gen. Physiol., 1930-31,14, 285; Biol. Rev., 1931, 6. 369. 

*^ Note Added to Proof. —Our attention has been called to a paper by Teorell 
(Teorell, T., Skand. Arch. Physiol., 1933, 66, 225) describing temporary accu¬ 
mulation. 
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by a non-aqueous phase B (representing the protoplasm) from the 
artificial sap in C. A contains KOH and C contains HCl: they tend 
to mix by passing through the non-aqueous layer but much more KOH 
moves so that most of the KCl is formed in C, where the concen¬ 
tration of potassium becomes much greater than in A. This accumu¬ 
lation is only temporary for as the system approaches equilibrium the 
composition of A approaches identity with that of C, since all the sub¬ 
stances present can pass through the non-aqueous layer. Such an 
approach to equilibrium may be compared to the death of the cell 
as the result of which accumulation disappears. 

During the earlier stages of the experiment potassium tends to go 
in as KOH and at the same time to go out as KCl. These opposing 
tendencies do not balance until the concentration of potassium inside 
becomes much greater than outside (hence potassium accumulates). 
The reason is that KCl, although its driving force be great, moves very 
slowly in B because its partition coefficient is low and in consequence 
its concentration gradient in 5 is small. This illustrates the impor¬ 
tance of partition coefficients for penetration in models and in living 
cells. It also indicates that accumulation depends on the fact that 
permeability is greater for the ingoing compound of the accumulating 
substance than for the outgoing compound. 

Other things being equal, accumulation is increased by maintaining 
a low pH in C. Hence we may infer that anything which checks the 
production of acid in the living cell may be expected to check accumu¬ 
lation and growth. 

This model recalls the situation in Valonia and in most living cells 
where potassium accumulates as KCl, perhaps because it enters as KOH 
and forms IL4 in the sap (where A is an organic anion). In some 
plants potassium accumulates as TLA but when HCl exists in the 
external solution it will tend to enter and displace the weaker acid 
H4 (if this be carbonic it can readily escape): hence potassium 
may accumulate to a greater or less extent as KCl. 

Injury of the cell may produce a twofold effect, (1) increase of perme¬ 
ability, (2) lessened accumulation. The total amount of electrolyte 
taken up in a given time will be influenced by these factors and may 
be greater than normal in the injured cell or less, depending somewhat 
on the length of the interval of time chosen. 



THE VISUAL ACUITY AND INTENSITY DISCRIMI¬ 
NATION OF DROSOPHILA* 

By SELIG HECHT and GEORGE WALD 
{From the Laboratory of Biophysics, Columbia University, New York) 
(Accepted for publication November 2, 1933) 

I 

Problem and General Method 

The visual functions of many animals vary with the prevailing light 
intensity to which they are subjected. In general the visual capac¬ 
ities are poor at low illuminations and become increasingly better as 
the intensity rises (Aubert, 1865; Koenig and Brodhun, 1889; Koenig, 
1897; Hecht, 1924; and Hecht and Wolf, 1929). In recent years cer¬ 
tain ideas have been proposed which offer an explanation of this 
capacity for variation in the visual system and which link this ca¬ 
pacity with other apparently unrelated properties of photoreception 
(Hecht, 1931). Given a photosensory organ composed of a number 
of discrete receptor elements, each containing a particular photo¬ 
chemical system, then the various data of vision may as a first approxi¬ 
mation be described in terms of commonly accepted properties of 
photochemical and chemical reactions and in terms of the distribution 
with respect to their sensibility to intensity of similar elements in a 
population. 

Up to the present, the human eye has been the visual system for 
which most data have been available. However, a distinct difficulty 
in the quantitative derivations and comparisons of the various sets of 
data for the human eye is that even when they have been secured with 
the same eye the conditions of measurement have not been the same, 
so that both the similarities and the differences have often had to be 
discounted and their meaning obscured. The various measure¬ 
ments with Mya and similar animals, though fairly extensive (Hecht, 

* A preliminary report of these measurements was presented at the XIV Inter- 
nationd Physiological Congress in Rome in September, 1932. 
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1931), do not involve functions such as vis^^dcuity which are par¬ 
ticularly interesting in this connection. ']j|||||pih’efore determined to 
measure some of these functions in anotSfer animal whose vision is 
significantly different from our own so as to furnish the basis for an 
independent description of its underlying physiological structure. In 
this paper we record such measurements of visual acuity and of inten¬ 
sity discrimination as they are influenced by the intensity. 

A previous success in the measurement of visual acuity with the bee 
(Hecht and Wolf, 1929) led us to use the common fruit-fly. Drosophila 
melanogaster, which in addition to the genetic uniformity also p>os- 
scssed by the bee, has the advantages of ease of culture and year-round 
availability. Obviously the use of such an animal demands the 
development of a special procedure for measuring visual response. 
This has already been accomplished for the bee and can be used with 
modifications for the fly. The method depends on the reflex response 
given by an animal to a movement in its visual surroundings. Pre¬ 
sented with a visual field composed of a definite pattern, an animal can 
obviously respond to a movement of this pattern only when it is able 
to resolve the essential elements of the pattern. The composition of 
the pattern may then be varied to obtain a measurement of either 
visual acuity or of intensity discrimination. 

The simplest pattern is a series of stripes. For visual acuity the 
stripes may be varied in width and the intensity determined at which 
they are just resolved. For intensity discrimination the relative 
intensities of the alternating stripes may be varied and the minimum 
difference in intensity determined which, for a given stripe width, will 
just elicit a response at a series of selected intensities. We arranged 
our apparatus so that both measurements could be made on a single 
fly in the same set-up and under identical conditions. 

II 

Nature of the Reflex Response 

The response of the fly presents several interesting asp>ects. A fly is 
allowed to creep freely along the horizontal length of a narrow glass 
cell placed parallel to an illuminated, vertically striped plate consti¬ 
tuting its entire visual field. With the striped plate at rest the fly 
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usually creeps back and forth from one end of the 7 cm. cell to the 
other. If^w the striped.plat« is moved in the direction in which the 
fly is creeping, the fly stops, treeps backward for a few millimeters, 
turns around, and rapidly runs off in the opposite direction. This 
behavior is almost diagramillatic. By moving the plate repeatedly 
back and forth, it is fwssible to keep the fly revolving about any point 
in the cell. 

It is simple to show that the behavior of the fly is not acquired 
during its first essays at motion. We allowed several pupae to emerge 
in complete darkness, each in an experimental cell. The response of 
the flies during their very first exposures to light was just as charac¬ 
teristic and clear as that of older flies raised in the light. A measure¬ 
ment of the threshold for a response to a given stripe made with one 
of these flies gave a value of 1.8 X 10~* millilamberts; the measurement 
occupied 3 minutes during only a small fraction of which the fly was 
actually illuminated. 8 days later its threshold was 1.5 X 10~* 
millilamberts, an agreement well within the daily variability of the 
animals. Between these two measurements the fly had been exposed 
daily to the light from an open window. Evidently the response of 
Drosophila to moving patterns is an inherited, complicated refl|^. 

Almost all animals with eyes perform such directed reactions when 
presented with a movement in their visual environment (Lyon, 1904; 
Garrey, 1905; Hadley, 1906; Demoll, 1909; Doflein, 1910; Loeb, 1918; 
Schlieper, 1927; Hecht and Wolf, 1929; Grundfest, 1931; Schulz, 1931). 
The response is either with the direction of the environmental displace¬ 
ment, or against the displacement. Thus fish under certain conditions 
follow a moving pattern (Grundfest) as do certain arthropods (Schlie¬ 
per), whereas bees (Hecht and Wolf) and Drosophila move against the 
background motion. 

The animals which move with the motion of the background are fish, 
aquatic insects, cratih, and hovering insects, which maintain relatively 
stationary positions'i&f some time even in a moving medium. Very 
likely they accomplish this by optically fixating some portion of their 
visual field and adhering to it even if they have to swim or fly against 
the current. On the contrary, the animals which move against the 
displacement in thek visual field are bees and flies which move in a 
relatively stationary environment. When they fly or creep, their 
visual environment usually passes by them. Their response when 
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their visual field suddenly begins to overtake them is then concerned 
with so orienting themselves that the visual environment assumes its 
characteristic motion past them. 

It is to the point that the one animal which has been studied imder 
both conditions may go with or against a movement in its visual field 
depending on whether the animal itself is fixed or free to move. The 
honey bee when it creeps freely always goes against any movement of 
its visual environment. Confronted with a series of moving stripes, 
the change in direction of creeping of the bee results from the bending 
of the head and thorax in the new direction opposite to the stripe 
movement. On the other hand when the bee is fixed in p)Osition and 
confronted by a similar movement of stripes, the head and thorax 
characteristically follow the movement (Schlieper). 

The main significance of these responses for us is that they may be 
used as a tool in the quantitative study of the visual capacities of 
animals . In the present experiments, the response of the fly was used 
merely to indicate that the fly resolved the particular pattern presented 
to it under the given conditions. The response is so vigorous and 
clear-cut that even at threshold conditions it is unmistakable. Actu¬ 
ally at these threshold conditions the fly does not leap backward and 
turn about; rather it stops when the stripes are moved in the direction 
in which it is creeping, and starts again when the stripes are moved in 
the opposite direction. This was the constant response used as end¬ 
point in all the measurements to be described. 

We made no special effort to control precisely the speed of the plate 
movement used in evoking the reaction. However, this motion 
was always sufficiently slow so that any complication by fusion of the 
stripes is out of the question.* To obtain a sharp response it is not 

* This is the difficulty with the work of Graham and Hunter (1931) who in 
using this method for measuring the visual acuity of humans found that a moving 
pattern yielded markedly different results from a stationary pattern. One of us 
(G. W.) with the help of Dr. Harry Grundfest repeated enough of Graham and 
Hunter’s measurements to be certain that such discrepancies disappear when the 
plates are moved with the velocity which we habitually use in these experiments. 
This was confirmed personally by Dr. Graham, who saw these measurements. It 
emerged that in the work of Graham and Hunter the pattern had been moved very 
much more quickly,—so quickly indeed that fusion occurred. This high rate of 
motion of the pattern completely accounts for the aberrant results obtained by 
these authors. 
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necessary to move the striped plate more than just perceptibly faster 
than the movement of the fly itself. 

ra 

Apparatus and Procedure 

The relation which visual acuity and intensity discrimination both bear to the 
prevailing intensity may be measured in two ways. One may set a given intensity 
and determine by trial with the animal what the visual acuity or the intensity 
discrimination corresponding to it is; or one may choose a pattern corresponding to 
a given visual acuity or select a given intensity difference and by trial with the 


ins 



Fig. 1 . First apparatus for measuring intensity dbcrimination 


animal determine the intensity at which the resolution of the pattern takes place or 
the intensity difference is recognized. With intensity discrimination we used both 
methods; with visual acuity only the latter. 

The apparatus used for the first method of measuring intensity discrimination 
consists essentially of a movable set of vertical stripes separated by interspaces of 
the same width, the whole being so arranged that the illumination of the stripes and 
of the interspaces may be controlled independently. It may be understood by 
reference to Fig. 1. 

The light from a 500 watt concentrated-filament Mazda lamp falls on two sepa¬ 
rated, and light-insulated portions of an opal plate (opal 1), thus forming two 
secondary sources of illumination, an upper and a lower. The lamp is kept in one 
dark room, the rest of the apparatus in another; the wall between the two con¬ 
tains two openings for the light to reach the two portions of opal 1, which is in 
immediate contact with the openings in the wall. The intensity falling on opal 1 
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is varied by placing the lamp at different fixed distances from the openings. At a 
given position of the lamp, the intensity of the lower secondary source remains 
fixed, and illuminates an opal plate (opal 2 b) immediately in front of which is a 
series of opaque vertical bars separated by equal sized transparent spaces. The 
upper secondary source similarly illuminates an opal plate (opal 2 a) in front of 
which is a duplicate bar and space arrangement. The intensity falling on opal 2 a 
can be varied by means of an accurate iris diaphragm immediately in front of the 
upper secondary source which controls its radiating area. A fixed diaphragm in 
front of the lower secondary source so adjusts its radiating area that with the 
iris wide open the illumination on opal 2 a is just perceptibly greater than on opal 
2 bf even though the latter is nearer opal 1. 

The light from the two series of bars and spaces, after reflection by a mirror and 
prism, is focussed with a projection lens on a third opal screen. The optical paths 
of the light from the two sets of stripes to the screen are of identical length and 
composition; hence the two are projected in simultaneous focus. The two sets of 
stripes are mounted on the same heavy brass carriage which moves on roller 
bearings along a track perpendicular to the plane of the drawing in Fig. 1. The 
relative positions of the two sets of stripes are so adjusted that in the projection on 
the final opal screen (opal 3) the image of the bars of one falls exactly in the clear 
spaces of the other. The result on the final screen is a movable series of alternat¬ 
ing, illuminated stripes whose relative intensities may be controlled by the iris 
diaphragm at the upper secondary source. When the iris diaphragm is slightly 
closed, the two sets of stripes are of equal brightness and the field is uniform. 
When the iris diaphragm is completely closed, every other stripe is at zero illumina¬ 
tion and the field is a series of black bars separated by equally wide, illuminated 
interspaces. At any intermediate position of the iris, the bars may take on any 
intensity value between zero and that of the interspaces. As already indicated, 
the intensity of the interspaces may be set at any desired value by regulating the 
position of the Mazda source. The width of each stripe on the final pattern occu¬ 
pies a visual angle of 85°; as will be apparent later, this is well above the largest 
visual angle required for the lowest visual acuity of the fly. 

The fly is placed in a rectangular glass cell in front of the final opal screen on 
which the moving pattern is projected. The interior of the cell is about 2 mm. 
high, 3 mm. wide, and 70 mm. long. The fly, which is broader than it is tall, 
always walks upright or inverted in the cell, never on the sides. The fly thus 
always turns one eye full toward the pattern. The fly is observed through a 
cylindrical reading lens mounted parallel to the cell. 

The measurements are made as follows. A fly is put into the apparatus and 
allowed to walk freely when the light is on. By means of the iris diaphragm, the 
intensities of the two sets of stripes are equated. Motion of this uniform field 
produces, of course, no response. The brightness of the variable stripes is now 
progressively decreased by decreasing the iris diaphragm, and the animal sub¬ 
jected to the moving pattern with each small diminution. A point is soon reached 
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when the animal responds to the movement, indicating that it can distinguish 
between the intensities of the alternating stripes. 

The apparatus for the second method of measuring intensity discrimination is 
much simpler than for the first method. Here the animal is presented with a plate 
so constructed that its alternating stripes transmit a fixed ratio of intensities, and 
the prevailing intensity is adjusted until the fly responds to a movement of the 
plate. Fig. 2 makes the arrangements clear. Light from a 500 watt concen¬ 
trated-filament Mazda lamp in one dark room falls on an opal glass plate (opal 1) 
which covers an opening in a rectangular box mounted on the wall of the dark room. 
The opposite end of the box opens against a hole in the wall leading into an adjoin¬ 
ing dark room. Immediately against the hole is another opal glass (opal 2) which 
forms one wall of a second rectangular box of which the opposite wall is a third opal 
glass plate (opal 3). The intensity of the light falling on opal plate 3 is controlled 



Fig. 2. Second apparatus for measuring intensity discrimination. This set-up 
also serves to measure visual acuity. 

(a) discontinuously by placing the lamp at three selected distances from opal 1, and 
by removing opal 1, and (6) continuously for the intervening steps by means of the 
accurate iris diaphragm in front of opal plate 2. The illumination on opal plate 3 
can be accurately and continuously varied over a range of 6 logarithmic units of 
intensity. 

Immediately in front of opal 3 is the striped plate, mounted in a carriage which 
slides easily along brass tracks. A plate is composed of translucent bars and 
equally wide, clear interspaces. For all the plates the width of the bars and 
spaces is the same, and the clear interspaces are the same. The plates differ in 
the density of the bars, so that each plate represents a pattern of stripes whose 
alternating elements have a fixed ratio of light transmissions. The plates were 
prepared by photographically enlarging on Eastman Process plates a striped 
pattern accurately engraved by Max Levy and Company of Philadelphia. The 
Levy plate consists of equally wide, alternating opaque and clear stripes, such as 
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were employed in the visual acuity work with the bees (Hecht and Wolf). By 
varying the time of exposure and keeping all conditions of lighting and develop¬ 
ment constant, a graded series of stripe densities were obtained. The six plates 
which we used were calibrated for the transmissions of the stripes and the clear 
spaces with a Koenig-Martens spectrophotometer using light of 500 m/i. 

The measurements are made by setting for each plate an intensity at which 
motion of the plate produces no response. The intensity is then gradually raised 
by small steps until the characteristic threshold reaction of the animal is elicited. 
Knowing the intensity of the clear spaces and the relative transmissions of the 
bars and clear spaces, we have a measure of the difference in intensity required at a 
given intensity for the fly to respond to the stripes. 

We began with the first apparatus, but soon abandoned it for the second, which 
we adopted because of its greater simplicity, and because we could also use it for 
measuring visual acuity. All that is required for determining visual acuity with 
the second apparatus are plates of proper density and size of stripe. We prepared 
photographically a series of striped plates, using Eastman Process plates and East¬ 
man special hydroquinone developer. They were all enlargements of the accu¬ 
rately made Levy plate previously mentioned. The size of the stripes was varied, 
but the exposures were complete. In this way we secured plates with stripes of a 
very high degree of opacity, transmitting certainly less than 1/10,000 of the inci¬ 
dent light, and with interspaces which were almost perfectly clear. The trans¬ 
missions of the clear spaces were nevertheless measured and an appropriate correc¬ 
tion applied to the intensity. 

The procedure for making the visual acuity measurements is similar to that for 
intensity discrimination. For each plate an intensity is set at which a motion of 
the plate evokes no response. The intensity is then gradually raised and the fly 
tested until an intensity is found at which it just gives its characteristic response. 
Knowing the distance of the fly from the plate and the width of the stripe, the 
visual acuity is merely the reciprocal of the visual angle in minutes. The distance 
of the fly from the plate was kept constant for each series of measurements, though 
it was not the same for all the series. It is of the order of 15 mm. and is measured 
from the center of the eye. 

The flies used in all the measurements here recorded were selected from a 
homozygous wild-type stock and were grown in the cornmeal-agar-molasses 
medium, seeded with yeast, used by Morgan and his coworkers. In our final 
measurements only females were used, because they crawled more slowly and 
steadily than the males. Each female was usually supplied with a male, and the 
pairs were quartered in individual vials containing 2 per cent agar in Pasteur’s 
medium seeded with yeast. In this way a fly could be kept active for 3 weeks 
and longer. 
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IV 

RESULTS 

L Intensity Discrimination .—With the first apparatus we made 
measurements of the intensity discrimination of seven flies during 



-/ -o 
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Fig. 3. Intensity discrimination of Drosophila. Each measurement with 24 
flies is recorded. The crosses were secured with the first apparatus; the dots with 
the second apparatus. 
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October and November of 1930; with the second apparatus we meas¬ 
ured seventeen flies between February and June of 1931. Each 
measurement with each fly is shown in Fig. 3, where those made with 
the first apparatus are crosses and those with the second apparatus 
are dots. It is apparent that the results from the two sources are the 
same, and that the data are homogeneous. The 113 measurements 
have been combined in the obvious groups into which they fall in the 
plot in Fig. 3, and have been averaged. These averages are given in 
Table I. The curve drawn through the data in Fig. 3 is made to pass 


TABLE I 


Intensity Discrimination of Drosophila 


No. of readings 

Higher intensity 

Lower intensity 

Perceptible 

difference 

A/ 

A/ 

(/ 4- A/) 

(/) 

(A/) 

/ 

I + Al 

16 

millilamberts 

0.00773 

millilamberts 

0.000104 

tnillilamberls 

0.00763 

73,33 

0.987 

12 

0.0137 

0.00109 

0.0126 

11.57 

0.920 

24 

0.0186 

0.00300 

0.0156 

5.20 

0.839 

12 

0.0269 

0.00706 

0.0198 

2.81 

0.736 

13 

0.0533 

0.0165 

0.0368 

2.33 

0.690 

6 

0.0753 

0 0269 

0.0484 

1.80 

0.643 

9 

0.139 

0.0532 

0.0858 

1.61 

0.617 

14 

0.333 

0.132 

0.201 

1.52 

0.604 

7 

1.62 

0.647 

0.973 

1.50 

0.601 


through these average points, and it is plain that the averaged data 
are a real representation of the individual measurements. 

The data show that at the lowest intensities, for the fly to recognize 
the pattern, the higher intensity has to be about 100 times as strong 
as the lower. As the intensity increases, the just perceptibly lower 
intensity increases at first much more rapidly than the higher, then 
the two increase at about the same rate until the ratio of higher to 
the just perceptibly lower intensity becomes about 2.50, which 
value is maintained up to the highest intensities. This is shown by 
the fact that the plot in Fig. 3 rapidly approaches a straight line with 
a slope of 45“. 

In order to be certain that the ratio of the two perceptibly different 
intensities undergoes no further change as the intensity increases, we 
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tested flies at intensities up to 1000 millilamberts. Our first appa¬ 
ratus varies the ratio continuously, but unfortunately cannot achieve 
high intensities. The second apparatus can reach high intensities, 
but gives ratios in discrete steps only. Using the second apparatus we 
therefore tested flies at three intensities to each of three plates whose 
stripes transmit light in the ratios of 1.84, 2.17, and 2.77 respectively. 
The data for Fly 10 c are given in Fig. 4. The measurements made in 
the usual way are marked with circles. The responses of the fly to the 
highest three intensities are shown by a minus sign when it failed to 
respond, by a plus sign when it responded clearly, and by a combina¬ 
tion of the two when its behavior was doubtful. 

Fig. 3 and Fig. 4 show that intensity discrimination in Drosophila 
begins to be effective at a prevailing brightness of 0.008 millilamberts. 
At this value, intensity discrimination is extremely poor; but in the 
short space of half a logarithmic unit the intensity discrimination 
improves at a tremendous rate so that it reaches very nearly its 
maximum value, which then remains constant for 4.5 log units up to 
the highest intensities obtainable in the measurements. 

It should be pointed out that even these high intensities are not really 
high for Drosophila. We give the intensities in millilamberts, which 
are brightness units for our eyes. Our photometric measurements 
represent the effectiveness of light in terms of the efficiency of the 
spectrum, which for our eyes with a 500 watt lamp is maximal between 
560 and 570 m/x. The maximum effectiveness of the spectrum for 
Drosophila is at 360 m/x at which point the light is easily 100 times more 
effective than at 560 m/x (Bertholf, 1932). Considering the compara¬ 
tively trifling amount of light of 360 m/x which a 500 watt lamp emits, 
and the trifling amount which the various opal glasses transmit, a 
brightness of 1000 millilamberts thus secured must be a fairly low 
intensity for Drosophila. It will therefore be important to extend 
these measurements of intensity discrimination using ultra-violet light. 

A practical consequence of this situation for our present measure¬ 
ments is that a photometric reproduction of a given brightness in the 
present apparatus as made with visible light and with our eyes need 
not necessarily represent a similar amount of effective energy for 
Drosophila in the ultra-violet. Indeed we often did find variations 
in threshold which are very likely due to this factor. In combining 
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the measurements of many animals as in Fig. 3 and also later in Fig. 7, 
we compensated for these occasional changes in threshold by shifting 



-2-/0 / 2 3 

Logahthm of Higher Infens/ty—flU/i/a/n^rts 


Fig. 4. Intensity discrimination of Fly 10 c to show that even at the highest 
illuminations intensity discrimination remains at its maximum and does not 
deteriorate. 

formity. Since the intensity is plotted logarithmically, the procedure 
is simple and introduces no difficulties. 

In Table I and in Figs. 3 and 4 the measurements are given in their 
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simplest and most direct form; namely as the two intensities which 
when placed side by side in stripes are just discriminated by the flies 
as indicated by their response to the movement of the pattern formed 
by these intensities. Following common procedure one may call the 
lower intensity I and the higher / + A7, the difference between them 
being A/. We have computed A///, and have plotted its values 



-3 -2 -/ o 

Lo^ I Hi//// amberfs 

Fig. 5. The average data of intensity discrimination plotted as A/// against 
log /. The fraction A/// remains minimal at the highest illuminations. 

against log / in Fig. 5. In the present instance, this method of 
describing intensity discrimination overemphasizes the events at the 
very lowest intensities. A value of A/ which is 80 times as large as / 
itself tells only that / is probably below or very near the threshold of 
visibility. In particular, the plot of A/// against log / fails to bring 
out what is apparent from the direct data themselves (Figs. 3 and 4), 
that there is a sharp change in intensity discrimination at about log 
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(/ + A/) = —1.7 and that below log (/ + A/) = —2.1 intensity 
discrimination is practically non-existent. 

A method adopted by many workers in photometric practice is to 
plot A//(/ -f A/) against log (/ •+• A/). In the human eye where the 
difference between I and (/ -b A/) is very small, it makes little 
difference which of the two methods is used. But in the fly the differ¬ 
ence is tremendous. Fig. 6 shows the data of Table I in this form, and 
indicates that this function is much more expressive of the real way in 
which the data behave. From Fig. 6 it is clear that below a value of 
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Fig. 6. The average data of intensity discrimination plotted as A//(/ -h A/) 
against log (/ -|- A/). The function begins at about —2.1 and continues to im¬ 
prove steadily, showing no decline. 

log (/ + A/) = —2.1 for an intensity to be discriminated by the fly 
as lower than the prevailing intensity, it practically has to be extin¬ 
guished,—^which is the fact. 

Whichever of the three ways one records the measurements, the fact 
remains that intensity discrimination for Drosophila changes first very 
rapidly and then more slowly over a small range of intensities above 
the threshold, and then reaches a constant value which is maintained 
as the intensity continues to increase. A similar condition holds for 
the bee’s intensity discrimination as recently measured by Wolf f1933). 
The measurements of Koenig and Brodhun (1889) supported more 
recently by Lowry (1931), and by Houstoun and Shearer (1930), for 




SELIG HECHT AND GEORGE WALD 


531 


the human eye show no constant value for the higher intensities; 
instead the intensity discrimination increases, and then decreases as 
the intensity rises. The same is apparently true for the clam (Hecht, 
1924). The older data of Aubert on the human eye do not show this 
fall, and impublished measurements by Mr. Jacinto Steinhardt of our 
Laboratory indicate that this fall at high intensities disappears under 
proper conditions of measurement. 
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Fig. 7. The relation between intensity and the angular distance occupied by the 
stripes to which the fly can just respond. Each measurement with 32 flies is 
recorded. 


2. Visttal Acuity .—^We measured the relation of visual acuity to 
illumination in twenty-four flies in November, 1929, and in eight more 
flies between March and August of 1931. Each measurement for each 
fly is given in Fig. 7. The ordinates are the actual visual angle sub¬ 
tended by the just visible stripe. The averages of the 220 measure¬ 
ments are recorded in Table II, and the curve in Fig. 7 passes through 
these average values. It is apparent that the measurements for the 
various animals form a consistent description of the phenomenon. 
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Graphically the data are best represented as visual acuity against the 
logarithm of the illumination, following the usual practice of defining 
visual acuity as the reciprocal of the just resolvable visual angle 
measured in minutes of arc. Fig. 8 shows the averaged data of Table 
II plotted in this way. There are several points to be made with re¬ 
gard to the data. Of these the most obvious is that visual acuity in¬ 
creases with the logarithm of the illumination in a sigmoid manner, 
already familiar from the data on the human eye, and on the bee eye. 
At the lowest intensities the visual acuity of Drosophila does not de¬ 
crease continuously with the decrease in intensity, but instead stops 

TABLE II 


Visual Acuity of Drosophila 


No. of readings 

Intensity 

Visual angle 

Visual acuity X 10* 


millilamberts 

degrees 


6 

0.00794 

61.08 

2.73 

20 

0.00800 

42.90 

3.89 

30 

0.00966 

35.33 

4.72 

10 


28.54 

5.84 

32 


23.30 

7.15 

24 


18.24 

9.14 

10 

0.0511 

16.58 

10.05 

20 

0.0627 

14.45 

11.53 

10 

0.0908 

13.19 

12.64 

25 

0.141 

11.69 

14.27 

20 

0.378 

10.73 

15.53 

13 

14.6 

9.28 

17.95 


quite sharply at an intensity corresponding to a brightness of 0.008 
millilamberts. No matter how large the stripes are, the animals do 
not respond to them until this intensity is reached. This is made 
evident in Fig. 8 by the vertical line at this intensity, and was appar¬ 
ent in every animal which we tested for this purpose. This is related 
to the fact, obvious from Fig. 3 and Fig. 6, that at this intensity for 
another intensity to be recognized as perceptibly lower it must be 
practically extinguished. 

The maximum visual acuity achieved by Drosophila is 0.0018, a 
value about 1/1000 that of the human eye, and 1/10 that of the bee’s 
eye. This maximal value had to be obtained by a modification of the 
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usual method as already described. The response of a fly to stripes 
depends on the size of the stripes, the distance of the fly from the 
stripes, and the intensity of the light. The usual method fixes the 
distance of the fly, presents it with a series of plates having each a fixed 
size of stripe, and measures the intensity required for the fly to respond 
to each stripe. To determine the maximum visual acuity in this manner 



-3 -2 -/ o / 

L ogarifhm oJ‘ Intensity — liiHi/omberts 


Fig. 8. The averaged data of Fig. 7 plotted as visual acuity against the logarithm 
of the intensity. The function starts abruptly at —2.1, below which the flies do 
not respond to stripes no matter how large they are. 

requires the size of the stripe to be continuously variable—a difficult 
thing to achieve in practice. We therefore adopted the procedure of 
choosing a stripe of approximately the correct size, fixing a high in¬ 
tensity, and measuring the distance at which the fly must be in order 
just to respond to the movement of the stripes. 

The procedure of varying the distance of the fly from the test object 
may influence visual acuity by changing the brightness, and may com- 
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plicate matters in the same way as the curious but unexplained effect 
of distance on human visual acuity first found by Aubert and Foerster 
(Aubert, 1865) and recently emphasized by Freeman (1932). Neither 
of these can be very serious for our measurements because the dis¬ 
tances involved are 2 or 3 mm. Nevertheless we made special 
measurements to determine whether any such effects are present, 
varying the distance about 20 mm. Taking two plates with stripes 
6.3 mm. and 1.27 mm. wide, we placed them 25.8 mm. and 5.21 mm. 
from the fly respectively. These both correspond to a visual acuity 
of 0.0012. Then we measured the threshold intensities of sixteen flies 
to a movement of these stripes, and secured as averages 4.36 and 4.07 
respectively for the two plates. Similarly two plates having stripes 
6.3 mm. and 2.84 mm. wide and at 21.5 mm. and 9.69 mm. from the 
fly (visual acuity = 0.0010) gave average intensity thresholds for the 
same sixteen flies as 1.66 and 1.86 respectively for the two plates. 
The differences between the two plates in each case are obviously 
negligible, and are opposite in direction in the two cases. The units 
of intensity here given do not correspond with the others previously 
given because we used a violet monochromatic filter in these measure¬ 
ments; according to Koenig (1897) the distance effect in the human eye 
is most prominent in the blue and violet, and we wished to make the 
test extreme. Therefore the determination of the maximum visual 
acuity by the distance method introduces no new variables, and the 
value 0.00180 for this maximum for Drosophila is the real value. 

The maximum visual acuity of the human eye and the bee’s eye is 
associated with the size of the structural units of the receiving elements 
(Muller, 1826; Ramon y Cajal, 1894; Exner, 1891; Best, 1911). In 
man the maximum value approximates the distance between foveal 
cones, though under special conditions it seems possible to increase the 
maximum performance (Hartridge, 1922; Anderson and Weymouth, 
1923). In the bee the minimum perceptible visual angle (0.9°-1.0°) 
as determined physiologically (Hecht and Wolf) corresponds with the 
smallest angles (also 0.9°-1.0°) subtended by the ommatidia in the 
central portion of the eye as measured anatomically (Baumgartner, 
1928). 

The ommatidial angles in the eye of Drosophila have not been 
adequately measured (Johannsen, 1924). We therefore prepared for 
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this purpose many sections of eyes using essentially Baumgartner’s 
technique. This consists of rapidly fixing the heads in hot water, 
carefully running them through the alcohols, staining with eosin, 
imbedding in celloidin, preparing sections 20/i thick with a sliding 
microtome, clearing the sections with cedar oil, and mounting them in 
Canada balsam. We made photomicrographs of some of our best 
preparations, and on the mounted pictures we measured the angles 
between adjacent ommatidia. A thread stretched between two 
needles was passed through the axis of each ommatidium. The needle 
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Fig. 9. The distribution of ommatidial angles in the left (open circles) and right 
(solid circles) eyes of Drosophila (Animal liii). The angles were measured for 
groups of three ommatidia, and the average ommatidial angle for each group is 
assigned to the middle ommatidium of the group. 

pricks were connected with a line and the angle between adjacent axis¬ 
lines measured. 

The results are fairly irregular but, as Fig. 9 shows, quite adequate 
for the purpose. The largest section of the eye contains 31 ommatidia. 
The middle 16-18 of these show a constant angular separation of 
about 4.2°. At both ends the angular separation rises sharply to 
about 8°; measurements at the ends are imcertain due to the pro¬ 
nounced curvature of the ommatidia in these regions. The central 
region of the eye with its ommatidial separation of 4.2° is thus the 
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place of sharpest vision, much as in the bee’s eye. The average 
maximum visual acuity which we found experimentally for Drosophila 
corresponds to an angle of 9.28°, which therefore includes about two 
ommatidia instead of one. 

This difference between the physiologically achieved and ana¬ 
tomically expected resolving power may mean that the neural paths 
of the ommatidia are interconnected, and that they therefore cannot 
act as individuals but as connected groups. However, we are inclined 
to ascribe it to another cause, namely the small number of ommatidia 
present in the eye as a whole. To distinguish a pattern, a certain 
minimal number of elements must be stimulated. This number is 
apparently a small fraction of the total population of retinal elements 
in the eye of man or of the bee. In the fly where the total number of 
elements is much smaller than in the human eye or in the bee eye, it 
probably represents a considerable proportion of the retinal popula¬ 
tion, and the group of units called into play to register a single stripe 
thus transcends the boundaries of a single line of elements. This idea 
is supported to a certain extent by the observation that homozygous 
bar-eye females, the eyes of which contain only 4-5 elements in 
the widest horizontal section, do not respond to the motion of the 
stripes at all. 

Perhaps the best support for this idea comes from the experiments 
with the bee’s eye in which parts of the eye were painted out. In the 
bee’s eye it was found (Hecht and Wolf) that the maximiun visual 
acuity coincided very well with the minimum angular separation be¬ 
tween ommatidia, which shows that the individual elements act inde¬ 
pendently. Yet in an experiment in which the anterior half of each 
eye was painted out, the visual acuity at all intensities dropped to 
about 0.6 of its normal value, even at the maximum. Since the xm- 
painted residue of the eye still contained elements having the original 
minimum angular separation, the drop in maximum visual acuity must 
be due to the decrease in the total number of elements acting in 
the eye. 


V 

Comparisons 

A comparison between the two visual functions studied in Drosophila 
brings out the significant fact that the two functions begin and end at 



SELIG HECHT AND GEORGE WALD 


537 


about the same intensities. As Fig. 8 shows, visual acuity begins to 
increase at an intensity whose logarithm is —2 and accomplishes most 
of its change in about 2 log units; the maximum visual acuity is not 
reached for about 1 log unit more, but this final change is very slow 
and not very large. Essentially the same thing is true of intensity 
discrimination. Fig. 3 and Fig. 6 show quite clearly that this function, 
after beginning at an intensity whose logarithm is —2, accomplishes 
most of its change in about 2 log units. Its maximum capacity is 
reached in about 1 log unit more, and this final change is slow and not 
very large. 

The recently published measurements of the intensity discrimination 
of the bee by Wolf show that a similar relation exists between visual 
acuity and intensity discrimination for the bee. Visual acuity in the 
bee (Hecht and Wolf) begins to increase perceptibly with intensity 
at an intensity corresponding to log / = —1.0, and accomplishes nearly 
all of its range at log/ = 1.0, though the small increase to the maximum 
visual acuity continues till after log/ = 2.0. The same range is covered 
by intensity discrimination. According to Wolf’s data, AI // begins to 
vary effectively at about log / = —1.5 and accomplishes most of its 
range at about log / = 1.0; its lowest value is reached after about one 
more log unit. 

It would be well if a similar comparison of the two functions could 
be made for the human eye, but the existing measurements were 
made under such different conditions that it is not possible to do so 
with any certainty. Koenig’s visual acuity data (Koenig, 1897) cover 
about the same range as his intensity discrimination data (Koenig and 
Brodhun, 1889), that is, between 8 and 9 log units; but the precise 
way in which the two functions vary has been called into doubt by 
L)d;hgoe’s measurements of visual acuity (Lythgoe, 1932), and by 
unpublished measurements of intensity discrimination by Mr. Jacinto 
Steinhardt in our own Laboratory. For the present, therefore, it is 
well to omit discussion of them. 

A coihparison of the maximum values for intensity discrimination 
and visual acuity in the three species is of interest. The minimum 
value of Al/I for Drosophila is 1.5; for the bee it is 0.25 (Wolf); and for 
man the minimiun recorded is 0.006 (Helmholtz, 1866; Aubert, 1865). 
Taking the reciprocal of the minimum A/// as a measure of maximiun 
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intensity discrimination, and putting Drosophila at 1, the ratios 
Drosophila/htt/maxi are 1/60/249 for maximum intensity discrimina¬ 
tion, and 1 /9.4/1110 for maximum visual acuity. A rough parallelism 
is apparent in these functions. Possibly some other, more theo¬ 
retically defensible measure of maximum intensity discrimination 
might show a better parallelism to maximum visual acuity. 

VI 

Interpretation of Data 

1. Visual Acuity.—Drosophila is the fourth organism whose visual 
acuity has been found to vary with illumination,—^the other three being 
man (Koenig), the bee (Hecht and Wolf), and the fiddler crab (Clark, 
1932). In each case the visual acuity is low at low intensities and 
increases with log / in a characteristically sigmoid manner. The only 
quantitative interpretation at present available for this property of 
visual acuity (Hecht, 1926, 1928) depends on the recognition of vis¬ 
ual acuity as a measure of the resolving power of the retinal surface. 
The resolving power of a surface composed of independently function¬ 
ing elements depends on the number of elements per unit area, or more 
specifically on the distance between the centers of the sensitive ele¬ 
ments. To account for the required variation in munber of elements 
at different intensities, it is assumed that the thresholds of the retinal 
elements vary in the retinal population much as any other character¬ 
istic of biological population. Curves have been drawn to show the 
threshold distribution required to account quantitatively for the data 
of the human eye (Hecht, 1928), and for so differently constructed an 
organ as the bee’s eye (Hecht and Wolf, 1929). The present data 
with Drosophila (Fig. 8) show the same t3q)e of sigmoid relationship, 
and there is no reason to suppose that the same explanation is not 
available for Drosophila. 

Fig. 10 shows the differential Av.a./A log I. It is made from the 
smooth curve in Fig. 8 by finding the difference in visual acuity (Av.a.) 
for points 0.2 log units apart (A log /) and plotting this difference 
against the value of log I midway between them. The resulting curve 
has the appearance of an ordinary, symmetrical, biological distribution. 
A quantitative explanation of the visual acuity data of Drosophila 
then depends on the assumption that the visual acuity is inversely 
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proportional to the angular distance between functional ominatidia, 
and that the thresholds of the ommatidia along the horizontal axis of 
the eye are distributed according to the curve in Fig. 10. 

Criticism of the ideas on which such an explanation is based has 
been made by Freeman 11930), by Best (1930), by Wilcox (1932), and 
by Wilcox and Purdy (1933). Freeman argues that since visual acuity 
may be varied by factors other than intensity, its variation with 



Fig. 10. Differential of the visual acuity curve of Fig. 8. The differences in 
visual acuity (Av.a.) between points 0.2 log units apart (A log I) in Fig. 8 are plotted 
against the value of the logarithm of the intensity midway between them. 


intensity cannot depend only on the number of elements functional. 
Wilcox and Purdy’s criticism is an elaborate form of this standpoint. 
They state that our ideas are “inconsistent with the fact that acuity 
may vary within wide limits even though illumination remains con¬ 
stant.” Moreover, the ideas fail “to take into account the concrete 
perceptual situation involved in the recognition of detail,”—which 
apparently means that we have offered no mechanism to explain how 
visual resolution takes place at all. 
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It is hard to see the force of these arguments, since the idea of how 
visual acuity varies with intensity is quite independent of the particu¬ 
lar mechanism which controls the magnitude of visual acuity at a 
given intensity. No matter what that mechanism may be, nor how 
complex or simple it may be, it must rest on the fact that the ultimate 
resolving surface is composed of units which are independent func¬ 
tionally. The variation of visual acuity with intensity then follows 
very obviously in terms of the probable distribution of thresholds. 
Best (1930) is worried because the necessary range of distribution of 
thresholds is large. However, even when the apparent range, as in 
the human eye, appears quite large, about 90 per cent of the variation 
occurs in less than 2 log units (Hecht, 1930). In the case of the bee 
and Drosophila this range is even smaller. But even if the range were 
very large indeed, the difficulty disappears when it is recalled that 
different portions of the human retina actually do possess thresholds 
which differ by just such large magnitudes. 

Differing from these criticisms are those of Wilcox, who found that 
under certain conditions visual acuity does not rise steadily with log I 
as measured by Koenig and everyone since, but actually becomes 
worse at high illuminations. He then concludes that the increase in 
number of functional elements which presmnably takes place at these 
high intensities cannot account for the decrease in visual acuity, and 
therefore the whole conception is not valid. 

Wilcox used a novel procedure in his measurements. Two tiny, 
illuminated vertical bars each subtending 2.4 by 20 minutes of visual 
angle are viewed against an absolutely black background, and the 
distance is determined by which the bars must be separated for them 
to be recognized as two bars. It would seem almost too elementary, 
but apparently quite necessary, to point out that the term retinal 
illumination refers to the general level of illumination of the retina as 
a whole, or of a goodly portion of it. In Wilcox’s measurements the 
retina as a whole is completely dark, and only the very tiny test 
objects are illuminated. What Wilcox measured is a glare phenom¬ 
enon, and may require a new name; but it is not the relation of visual 
acuity to the illumination prevailing on the retina. That this criti¬ 
cism of his method is valid becomes clear when the reverse of this pro¬ 
cedure is used, that is, when the test bars are black and are viewed 
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against an evenly illuminated background. The results which Wilcox 
secured in this manner are in agreement with the classic data of Koenig 
and others, and are obviously open to the same explanation. 

Wilcox himself proposes an explanation of his particular findings 
and in general of the relation between visual acuity and illumination, 
which depends on two sets of measurements made with the method 
already described. One set records the distance by which the two 
bars must be separated so that between them there appears a space 
which is just perceptible to the eye. The other set records the dis¬ 
tance by which the bars must be separated so that the space between 
them appears of the same size as one bar. The first set Wilcox calls 
measurements of visual acuity; the second set, measurements of 
irradiation. It then appears that at different intensities the first set 
of measurements equals the second set of measurements multiplied 
by a factor. Wilcox then concludes that irradiation is the explanation 
of the visual acuity variation. The reverse would be equally true. 

These criticisms therefore leave the original explanation of the 
relation between visual acuity and illumination—as due to a population 
distribution of thresholds of the sensitive elements—as valid as when 
it was proposed. This does not mean that it is the correct explana¬ 
tion; it is merely the only explanation which describes the data 
quantitatively. That is its main virtue, plus the fact that its basis is 
not inherently improbable, and rests on concrete assumptions with 
regard to the structure of the visual mechanism. 

The only other explanation worth mentioning is the one given by 
Hoffman (Best, 1930) for the human eye. It supposes that the diffu¬ 
sion circles produced by two points have to be separated differently at 
different intensities in order to produce a recognizably lower intensity 
between them. This assumes that the eye can discriminate intensi¬ 
ties absolutely—which we know it does only relatively. Even so, 
this explanation has never been put into quantitative form and there¬ 
fore cannot be tested. 

It is worth noting that the visual acuity data of Drosophila as given 
in Table II and Fig. 8 may be described with excellent precision by 
the stationary state equation KI = x/{a — x) representing a rever¬ 
sible photochemical system in which the light and the dark reactions 
are both monomolecular. The numerical equation is 22/ = (x — 2)/ 
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(18 — *) where x equals the visual acuity multiplied by 10,000. 
The shape of the stationary state curve is specific with regard to the 
power to which * is raised in the numerator (Hecht, 1928). The 
human visual acuity curve (Koenig) conforms to a second f)ower 
equation. The visual acuity of Drosophila is described by a first 
power equation. The visual acuity curve of the bee (Hecht and Wolf) 
may be described with a fair degree of approximation by a first order 
equation of the form KP = x/ija —x) in which the intensity enters as the 
square. The numerical form is 0.95 P = {x — 3)/(160 — x) where x is 
the visual acuity multiplied by 1,000. The values are direct and are 
not corrected for varying ommatidial angle—a correction which is 
useful at the very low visual acuities only. 

2. Intensity Discrimination .—Intensity discrimination has been 
described theoretically (Putter, 1918; Hecht, 1924, 1926) on the 
assumption that in the action of light on the photosensory system, 
intensities which are just recognized as different produce effects which 
differ by a constant increment. These increments may be recorded 
as changes in the frequency of discharge of the individual sensory 
elements, or as changes in the number of elements functional, or as 
both. The work on visual acuity and illumination (Hecht, 1928) 
favors the number idea but does not exclude frequency. The work on 
single end-organs (Adrian and Zotterman, 1926; Hartline and Graham, 
1932) favors frequency but does not exclude number. 

The quantitatively developed idea (Hecht, 1926, 1928) that the 
influence of intensity on visual acuity and on intensity discrimination 
may be described in terms of the number of elements functional has 
been adopted by Houstoun (Houstoun and Shearer, 1930; Houstoun, 
1932) without recognizing the theoretical difficulties involved. The 
original supposition was that whereas visual acuity increases with the 
total number of active elements, each step in intensity perception 
corresponds only to the differential increment in the number of active 
elements. If the relations between visual acuity and intensity dis¬ 
crimination were as simple as this, the intensity at which visual acuity 
alters most rapidly with log I should represent the most rapid rate of 
entrance of functional elements, and should therefore correspond to 
the place where intensity discrimination is best. Moreover, at high 
intensities when visual acuity practically ceases to increase because 
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nearly all the elements are already functional and very few new ones 
enter, intensity discrimination should be poorest—in fact almost non¬ 
existent. 

Yet neither of these things is true for Drosophila and for the bee, 
and probably also for the human eye. Fig. 8 and Fig. 10 show that 
the maximum rate of increase in visual acuity occurs at an intensity 
whose logarithm is very near —1.5, whereas Figs. 3 and 6 show that at 
this point intensity discrimination is by no means maximal. More¬ 
over at the highest intensities, when visual acuity has reached its top 
value, intensity discrimination instead of being at its worst is actually 
at its best. Exactly the same is true for the bee, where the maximum 
rate of increase in visual acuity comes very nearly at log / = 0 (Hecht 
and Wolf) at a point where intensity discrimination is certainly not at 
its best (Wolf, 1933). Moreover when visual acuity has reached its 
maximum at log I = 2.0, and intensity discrimination should be 
worst, it is nevertheless also at its best in the bee and shows no sign of 
falling off at the highest intensities. 

These failures in the correspondence of the two functions are very 
important, and cannot be due to any chance shift in the intensities for 
the two functions. We are certain that for Drosophila the intensities 
for visual acuity and intensity discrimination are exactly comparable, 
because both functions for many of the animals were measured within 
a very short time of each other with the same piece of apparatus. 
Similarly for the bee, the two functions were measured with practically 
identical apparatus using the identical striped plates, and the measure¬ 
ments were made by the same person (Wolf). But even if the inten¬ 
sities were not exactly comparable, the fact that at the highest intensi¬ 
ties both functions are maximal is adequate evidence against the 
interpretation. 

Thus in Drosophila and in the bee, intensity discrimination does not 
depend on the rate at which elements become functional, but appar¬ 
ently rather on the total number of elements functional, as in visual 
acuity. It is possible that though both are functions of the total 
number of elements active in a given unit of sensory surface, the 
specific relation is different for each. For visual acuity the situation 
is simple, but for intensity discrimination it means a revision of ideas 
held up to now. One possibility is that intensity discrimination is 
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similar and constant for all the sensory elements, but that the thres¬ 
holds have a probability distribution. Then increasing the total 
number of elements decreases the sensory contribution each has to 
make to produce a constant increment in total sensory effect, and 
therefore the fraction A/// becomes smaller as the total number of 
elements increases. Other possibilities are also available, but a dis¬ 
cussion of them is unfruitful at the present stage of our knowledge. 

SUMMARY 

Drosophila possesses an inherited reflex response to a moving visual 
pattern which can be used to measure its capacity for intensity dis¬ 
crimination and its visual acuity at different illuminations. It is found 
that these two properties of vision run approximately parallel courses 
as functions of the prevailing intensity. 

Visual acuity varies with the logarithm of the intensity in much the 
same sigmoid way as in man, the bee, and the fiddler crab. The 
resolving power is very poor at low illuminations and increases at high 
illuminations. The maximum visual acuity is 0.0018, which is 1/1000 
of the maximum of the human eye and 1/10 that of the bee. 

The intensity discrimination of Drosophila is also extremely poor, 
even at its best. At low illuminations for two intensities to be recog¬ 
nized as different, the higher must be nearly 100 times the lower. 
This ratio decreases as the intensity increases, and reaches a minimum 
of 2.5 which is maintained at the highest intensities. The minimum 
value of A/// for Drosophila is 1.5, which is to be compared with 0.25 
for the bee and 0.006 for man. 

An explanation of the variation of visual acuity with illumination is 
given in terms of the variation in number of elements functional in the 
retinal mosaic at different intensities, this being dependent on the 
general statistical distribution of thresholds in the ommatidial popula¬ 
tion. Visual acuity is thus determined by the integral form of this 
distribution and corresponds to the total number of elements func¬ 
tional. The idea that intensity discrimination is determined by the 
differential form of this distribution—that is, that it depends on the 
rate of entrance of functional elements with intensity—^is shown to 
be untenable in the light of the correspondence of the two visual func¬ 
tions. It is suggested that, like visual acuity, intensity discrimina- 
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tion may also have to be considered as a function of the total number^ 
of elements active at a given intensity. 
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ON GUAIACOL SOLUTIONS 
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INTRODUCTION 

Chemists need information about the behavior of electrolytes in non- 
aqueous solutions. Bi^^'^gists likewise need this information since 
there is considerable evidence that the protoplasmic surface consists 
of such substances and they have been employed in models designed 
to imitate the action of the living cell. 

A quantitative relationship between the equivalent electrical con¬ 
ductance and the concentration of dilute electrolytic solutions in which 
the solute is considered to be entirely in the form of free ions has been 
derived theoretically by Onsager,' following the work of Debye and 
Hiickel.* In this treatment the decrease in equivalent conductance 
with increasing concentration is attributed to a decrease in the ionic 
mobilities arising from the influence of interionic electrostatic forces. 
For strong electrolytes in water, calculations based on Onsager’s 
equations are in good agreement with measurements on dilute solu¬ 
tions.*® 

However, similar calculations, based on the assumption of complete 
ionization, do not adequately represent the facts for electrol 3 des in 
most non-aqueous solvents which, in general, have dielectric constants 
appreciably lower than that of water. In such solvents all electrolytes 
appear to be “weak,” and measurements on these solutions seem to 
indicate that a considerable portion of the solute is not in the form of 
“free” ions. 

‘ Onsager, L., Phys. Z., 1927,28, 277. 

• Debye, P., and Hiickel, E., Phys. Z., 1923,24,305. 

> Shedlovsky, T., J. Am. Chem. Soc., 1932, M, 1411; Macinnes, D. A., Shed- 
lovsky, T., and Longsworth, L. G., Chem. Rev., 1933,13,29. 
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It will be shown in this paper that the electrical conductivity of 
solutions of sodiiun and potassium guaiacolates in guaiacol can be 
accounted for satisfactorily by assuming an ionic equilibrium in addi¬ 
tion to the interionic attraction effects on the mobilities of the ions. 

Mass action constants for sodium guaiacolate and potassium guaia- 
colate can thus be calculated from conductivity measurements. It 
is desirable, however, to obtain these constants if possible from another 
type of measurement. Such an independent method is available in 
the determination of the partition coefficients of the electrolyte be¬ 
tween guaiacol and water,* the two liquids forming non-miscible 
phases. Since, however, the nature of distribution experiments is 
such as to render the two non-miscible liquids saturated with each 
other, a fair comparison between the two methods for determining the 
ionization constants can be made only if the conductivity measure¬ 
ments also refer to solutions in guaiacol saturated with water. Con¬ 
sequently, the conductivity measurements reported in this paper, 
from which the ionization constants are computed, were made on 
solutions containing guaiacol from the same source and with prac¬ 
tically the same water content as in the case of the subsequent distri¬ 
bution experiments. 

In computing the results from the conductivity data it is necessary to 
know the dielectric constant, viscosity, and density of the “wet” 
guaiacol solvent. These values were measured and are reported in 
this paper, since they are not available in the literature. For com¬ 
pleteness the corresponding values for dry guaiacol are also given. 
The same computations which give the ionization constants of the 
alkali guaiacolates in wet guaiacol from conductivity determinations, 
also give the limiting equivalent conductance values (Ao), correspond¬ 
ing to the sum of the pxisitive and negative ion mobilities at zero con¬ 
centration. These (Ao) values have been combined with correspond¬ 
ing transference numbers, )delding values for the limiting mobilities 
of potassium, sodium, and guaiacolate ions in wet guaiacol. 

THEORETICAL 

In discussing weak electrolytic solutions we shall assume that only 
a portion of the solute is in the form of free ions able to carry current, 

* The distribution of sodium and potassium guaiacolate between water and 
guaiacol is the subject of the following paper. 
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while the rest can be considered “undissociated,” and that a corre¬ 
sponding ionic equilibrium exists in accordance with a mass action 
equation. However, it is not necessary to assume that the undisso¬ 
ciated solute consists of stable molecules bound by chemical or quan¬ 
tized forces. We prefer to consider them to be ion pairs as suggested 
by Bjerrum.® 

The electrostatic force between a pair of ions of opposite charge 
which have approached to “contact” tends to hold them together as 
a stable pair. The mutual potential energy of this ion pair, in accord¬ 
ance with Coulomb’s law, depends on the charges, the dielectric con¬ 
stant of the medium, and the distance between the charge centers (the 
sum of the ionic radii, if we consider the ions to be spherical). Now, 
if the average kinetic energy of the solvent molecules is greater than 
this potential energy, the ion pair cannot exist for any appreciable 
time. This is the case for strong uni-univalent electrolytes in water. 
However, if the average kinetic energy of the solvent molecules is less 
than the mutual potential energy of the ion pair, it will exist until it 
is struck by a solvent molecule having suflScient kinetic energy to 
break it up. 

This viewpoint predicts that there should be relatively more ion 
pairs (undissociated solute) when the dielectric constant is low, when 
the ions are small, when the charges are large, and when the tempera¬ 
ture is low. Calculations of ionization constants as a function of ion 
size, dielectric constant, etc., based on this view were made by Bjer¬ 
rum® for electrolytes in solvents of relatively high dielectric constant, 
and more recently by Fuoss and Krauss* for tetraisoamylammonium 
nitrate in dioxane-water mixtures, and for silver nitrate in benzonitrile, 
acetonitrile, and ammonia. 

Our problem is to interpret the electrical conductivity of weak 
electrolytic solutions; namely, of sodium guaiacolate and potassium 
guaiacolate in guaiacol. The mass action equation for the ionic 
equilibrium we have assumed is 

^ ^ i^M*) (Ag-) _ (c ey)* 

{Am*g-) ^(1 — e) 


® Bjerrum, N., K. Danske Vidensk. Selsk., 1926,7, No. 9. 

• Fuoss, R. M., and Kraus, C. A., J. Am. Chm. Soc., 1933,66,1019. 
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in which is the activity of the positive (metal) ions, Aq- is the 
activity of the negative (guaiacolate) ions, and Ah+q- is the activity 
of the undissociated ions, or paired ions. C is the concentration, $ 
the “degree of dissociation,” and y the mean ionic activity coefficient. 
We assume that the undissociated portion behaves as a normal solute, 
and consequently has an activity equal to its concentration. 

The mean ionic activity coefficient will be computed from the 
Debye-Hiickel equation 

-Iog .0 7=—(2) 

in which 


and 


0.4343 / l -k N 

(DkTyi* y 1000 


-|/ 


1000 Dk T 


e = electronic charge, N = Avogadro’s number, k = Boltzmann’s con¬ 
stant, D = dielectric constant, T = absolute temperature, r = dis¬ 
tance of closest approach between ions. For water-saturated guaiacol 
at 25°C. a = 6.52, and for sodium and potassium guaiacolates in this 
solvent we have used an approximate value of 7 A. for r (estimated 
from crystal structure data), which gives a value ol b = 5.36. Actu¬ 
ally, of course, r is not the same for the two salts, but nearly enough so 
for the present purpose, since the term 6\/^ enters as a correction. 
We shall assume that the Onsager equation adequately represents the 
relationship between the equivalent conductance and the concentra¬ 
tion for the dissociated (free) ions. For a completely dissociated 
electrolyte this is A* = Ao — A\/Ci, in which A* is the equivalent 
conductance, Ao the limiting value of equivalent conductance at zero 
concentration, C< is the ionic concentration, 


A = a Ao "f* =* 


8.18 X 10"*^ 82 

(z>r)3/a ^ 


7) being the viscosity, and D and T having the same meaning as above. 
For water-saturated guaiacol A = 2.93 Ao + 19.36. The equivalent 
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conductance, A, is defined as A = 


100 A 


L being the specific con¬ 


ductance; thus Aj 


1000 L 

Ci ’ 


Since Ci — C6, the Onsager equation gives us 


or 


A/ 6 = Ao — {« Ao -J- /9) y/C 8 
A 

Q j__ _ 

Ao — (a Ao "t" /9) y/C 9 


(3) 


Fuoss and Kraus ^ have discussed the mathematical treatment of these 
equations and have indicated a convenient method of solution. It 
consists of assuming a provisional value of Ao and then computing 
values of 6 for the series of measurements, from equation (3) which is 
conveniently solved by successive approximations. Corresponding 
values of 7 are then obtained from equation ( 2 ), and values of 7 \/c are 

Vi - 0 


plotted against 

VkVT^ 


to 


Since equation (1) can be easily transformed 

u 

yy/ C, such a plot should give a straight line passing 


through the origin, with a slope of V/iL, if the correct value of Ao has 
been chosen. Successive values of Ao are assumed until this is found 
to be the case. 

With the values of Ao and of K thus determined from a series of 
conductance measurements, a theoretical conductance curve corre¬ 
sponding to these constants can be computed by reversing the calcula¬ 
tions described above. A direct graphical comparison between the 
measured and computed conductance values is thus afforded. 


EXPERIMENTAL 

i. Guaiacol .—Synthetic guaiacol (Kahlbaum’s c.p. crystalline guaiacol) was 
redistilled under reduced pressure in a slow stream of nitrogen, using an all glass 
(Pyrex) distilling apparatus with a fractionating column. The distillate was pro¬ 
tected from atmospheric moisture. Colorless fractions, having melting points 
from 28.0—28.36°C., were collected.® 


^ Fuoss, R. M., and Kraus, C. A., J. Am. Chem. Soc., 1933, 66, 476. 

® The freezing point of guaiacol is quite sensitive to traces of impurities because 
of its high cryoscopic constant. We determined the molal freezing point lowering 
(AT/mole of solute in 1 liter of solution) with water, toluene, and carbon tetra¬ 
chloride. The values were 5.4®, 6.1®, and 6.4® respectively. 
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Although the melting point of guaiacol is several degrees above the temperature 
at which our conductivity measurements were made, namely 25°C., no difficulties 
from crystallization were encountered due to the readiness with which this sub¬ 
stance supercools. 

The solubility of water in guaiacol was determined from density measurements 
on a series of solutions containing known quantities of water in the solvent guaia¬ 
col. A plot of density against water content, extrapolated to the density of 
guaiacol saturated with water, was used for this purpose. The density measure¬ 
ments were made with a Sprengel pyknometer. Physical properties of dry and 
water-saturated guaiacol at 25°C. are listed in Table I. 


TABLE I 

Physical Properties o f Dry and Water-Saturated Guaiacol at 25°C. 



Anhydrous guaiacol 

Water-saturated 

guaiacol 

Density. 

1.1289 

11.8 

6.10 

1 X 10-* 

^100 gm. solution 

1.1275 

14.3 

7.23 

3-5 X 10-» 

Dielectric constant’*'. 

Relative viscosityt. 

Specific conductance. 

Solubility of water in guaiacol = 4.60 gm. water/ 


* We are indebted to Dr. S. 0. Morgan of the Bell Telephone Laboratories for 
the dielectric constant measurements. 

t The viscosities (relative to water at 25®C.) were measured in an Ostwald 
viscosimeter. The relative viscosity values for various water contents in the 


guaiacol were 

Per cent water. 0 0.9 2.3 4.6 (saturated) 

Relative viscosity. 6.10 6.44 6.81 7.23 


2. Sodium and Potassium Guaiacolates, —^The alkali guaiacolates were prepared 
by the reaction of the ethylates with guaiacol in a medium of anhydrous ethyl 
alcohol, from which the salts were subsequently crystallized. Freshly made alkali 
metal wire was introduced directly into anhydrous alcohol through a sodium press. 
After the metal had dissolved, an equivalent quantity of guaiacol was introduced. 
The crystallized salt was washed several times with anhydrous ether and then 
dried in an Abderhalden (vacuum) drier. The purity of the product was checked 
by titrating weighed samples with standard hydrochloric acid, and computing 
the alkali metal content. 

The solubilities of the salts in anhydrous and water-saturated guaiacol at 25°C. 
were determined also by titration with standard acid. The results, expressed in 
moles of salt per thousand grams of solvent, were; 

Anhydrous Water-saturated 
guaiacol guaiacol 

0.0071 0.0763 

0.0063 0.154 


Potassium guaiacolate 
Sodium guaiacolate.. < 
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3. Conductivity Measurements ,—The conductivity measurements were made in a 
“flask cell” of the type described by one of us,® having a cell constant of 0.0832. 
An alternating current conductivity bridge and an oil thermostat at 2S.000®C. were 
used.*® A known quantity of guaiacol (about 500 cc.) which had been almost, 
but not quite, saturated with conductivity water** was introduced into the cell and 
its conductance was measured. Then, successive weighed increments of a rela¬ 
tively concentrated stock solution of known guaiacolate content were added, and 
corresponding conductance determinations were made. Thus it was possible to 
measure the conductance of a whole series of concentrations in the same solvent. 
The solution in the cell was protected from atmospheric impurities at all times with 
purified nitrogen. ® 

It was interesting to know the effect of the water content of the solvent guaiacol 
on the conductance. This was determined by making a series of measurements, 
starting with a solution of guaiacolate in anhydrous guaiacol and successively 
increasing the water content. 


RESULTS 

The results of the conductivity measurements on solutions of 
sodium guaiacolate and potassium guaiacolate in wet guaiacol are 
summarized in Tables II and III respectively. The listed values of 
equivalent conductance have not had a solvent correction applied to 
them. We have assumed that the conductance of the solvent is due to 
ions arising from guaiacol, and this dissociation is practically repressed 
by the very much greater number of guaiacolate ions supplied by the 
salts. 

The fact that the molal freezing point lowering of guaiacol with 
water was found to be no greater than with toluene or carbon tetra¬ 
chloride, is definite evidence against the possibility of ions arising from 
the water in the solvent. For these reasons, and because the solutions 
were protected against foreign impurities throughout the course of 
the measurements, we believe that the solvent corrections should be 
neglected. 

The effect of water content on the conductivity of sodium guaia¬ 
colate in guaiacol (C = 0.0009 molal) is shown in Fig. 1, in which the 

* Shedlovsky, T., /. Am. Chem. Soc., 1932,54,1415. 

*® Shedlovsky, T., /. Am. Chem. Soc., 1930,62, 1793. 

** This was done to make sure that no water would separate out in the subse¬ 
quent additions of solute. The dielectric constant and viscosity of the nearly 
saturated guaiacol can be safely assumed to be the same as that of the completely 
saturated solvent for our purposes. 
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ratio of the equivalent conductance (A) to the equivalent conductance 
in anhydrous guaiacol (X°) is plotted against the water content, ex¬ 
pressed as per cent of (water) saturation. The curve rises from a 
value of 1 at zero water content to 34.5 at 100 per cent (water) satu¬ 
ration. 


TABLE II 


Conductance of Sodium Guaiacolate in Wet Guaiacol at 25°C. 
Water content = 99 per cent saturated 
Specific conductivity = 5.18 X 


Concentration mole/liter 

. Specific conductivity ^ 

A = - “Tt -. X 10* 

Concentration 

Observed 

Calculated 

0 

— 

7.50 

0.000206 

2.893 

2.835 

0.000771 

1.707 

1.717 

0.00224 

1.097 

1.100 

0.00454 

0.809 

0.813 

0.00901 

0.601 

0.602 

0.01666 

0.460 

0.461 


TABLE III 


Conductance of Potassium Guaiacolate in Wet Guaiacol at 25°C, 
Water content = 98 per cent saturated 
Specific conductivity = 2.84 X 10“^ 


Concentration mole/liter 

^ ^ Specific conductivity 

Concentration 

Observed 

Calculated 

0 

— 

8.00 

0.000442 

2.461 

2.463 

0.000959 

1.808 

1.819 

0.002151 

1.300 

1.301 

0.003719 

1.037 

1.032 

0.005765 

0.862 

0.857 


The relatively great increase in conductance (over thirtyfold), 
cannot be satisfactorily explained on the basis of difference in the 
dielectric constants of anhydrous guaiacol (£) = 11.8) and wet guaia¬ 
col {D = 14.3). It is rather due to the fact that the water molecules 
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(whose mole fraction is about J in water-saturated guaiacol) are 
definitely more polar than guaiacol molecules, and tend to orient them¬ 
selves with some stability around the salt ions in the solution. This 
polarization of water dipoles in the strong electric fields around the ions 
may be regarded as an hydration which has the effect of increasing the 
size of the ions. 


yx 



Fig. 1. Effect of water content on the conductance of sodium guaiacolate in 
guaiacol, expressed as the ratio of the observed conductance (x) to the conductance 
in anhydrous guaiacol (X°). 


It has been pointed out in the theoretical portion of this paper that, 
other things being equal, an increase in the size of ions tends to in¬ 
crease the “strength” of an electrolyte. On this basis, we may attrib¬ 
ute the conductance increase with increasing water content to a 
greater number of free ions, capable of carrying current as the average 
size of the ions is increased. 

From the results shown in Tables II and III values of the dissocia- 
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tion constants and the limiting conductances of sodium and potassium 
guaiacolates were computed in the manner previously discussed, using 
the equations 


— logio y 


6.52 y/Ce 
1 + S.36 


_A_ 

Ao - (2.93 Ao + 19.36) \/ce 


( 2 ) 

(3) 


The results of the computations are tabulated in Tables IV and V. 


TABLE IV 


Sodium Guaiacolate, A o = 7.50 


c 

(molc/liter) 

e 

(degree of dissociation) 

. y 

(mean ionic activity 
coefficient) 

A X lO* 

0.000206 

WKESm 

0.877 

4.38 

0.000771 


0.825 

4.22 

0.00224 

0.1635 

0.771 

4.25 

0.00454 

0.1241 

0.727 

4.22 

0.00901 

0.09.^6 

0.683 

4.25 

0.01666 

0.0764 

0.638 

4.28 

Average 4.27 X 10“*^ 


TABLE V 


Potassium Guaiacolate. Ao = 8.00 


C 

(mole/liter) 

e 

(degree of dissociation) 

, . y 

(mean ionic activity | 
coefficient) 

A X 10» 

0.000442 

0.3288 

0.844 

5.07 

0.000959 

0.2462 

0.808 

5.02 

0.002151 

0.1818 

0.765 

5.07 

0.003719 

0.1484 

0.731 

5.13 

0.005765 

0.1258 

0.701 

5.13 

Average 5.08 X 10“® 


In Fig. 2 are shown plots of ^— against 7 'n/c. From equation 

(1) we obtain ys/C) so that if the correct values of 
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Ao have been chosen, these plots should be straight lines, passing 
through the origin, as is the case. The slope of these lines is l/\/ K- 



in water-saturated guaiacol. 


TABLE VI 

Solvent: Guaiacol Saturated with Water. T = 25^C. 



Aq 

H 

lo(Cr ) 

lo(+) 

Sodium guaiacolate. 



3.45 

4.05 (Na+) 
4.56 (K+) 

Potassium guaiacolate. 



3.44* 



* The viscosity of wet guaiacol, being 7.2 times that of water, we can estimate 
the magnitude of the limiting conductance of the guaiacolate ion to be about 25 
in water, assuming the validity of Stokes’ law; that is, loC^"") in water = 7.2 
(3.45) = 25. This is an entirely reasonable value. However, a similar computa¬ 
tion gives 29 for the sodium ion and 33 for the potassium ion, whereas these values 
should be about 50 and 76 respectively. The discrepancy is probably due to the 
fact that, although Stokes’ law seems to hold for large ions, such as the guaiacolate 
ion (6 A.), it fails for the smaller ions. 
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We are indebted to Dr. L. G. Longsworth of The Rockefeller Institute 
for supplying us with values for the transference numbers (r+) for 

A 



Fig. ,3. The conductance of sodium and potassium guaiacoiates in water- 
saturated guaiacol. 


sodium and potassium guaiacoiates in wet guaiacol, obtained by the 
moving boundary method. By combining them with our limiting 







THEODORE SHEDLOVSKY AND HERBERT H. UHLIG 


561 


conductance values (Ao) we are able to obtain the limiting conduct¬ 
ances (lo) of sodium, potassium, and guaiacolate ions. In Table VI 
these quantities are listed. 

Using the values Ao = 7.50, K = 4.27 X 10~‘ for sodium guaia¬ 
colate, and Ao = 8.00, K = 5.08 X 10~® for potassium guaiacolate, 
calculated values for the equivalent conductance. A, of these salts at 
the concentrations measured were obtained. These are shown in the 
last column of Tables II and III, and agree reasonably well with the 
values actually observed. 

We may therefore conclude that the conductivity of the alkali guai- 
acolates in water-saturated guaiacol can be satisfactorily accounted 
for on a basis of an ionic equilibrium, assuming that the “associated” 
portion of the salt behaves as an “ideal” solute, and correcting for the 
effects of interionic attractions on the mobilities and activities of the 
free ions present. From this point of view these salts were found to 
be weak electrolytes, not unlike acetic acid in water. 

SUMMARY 

1. Measurements on the densities, viscosities, dielectric constants, 
and specific conductances of pure anhydrous and water-saturated 
guaiacol at 25°C. are reported. 

2. The solubility of water in guaiacol at 25°C., and its effect on the 
electrical conductivity of a sodium guaiacolate solution is given. 

3. Electrical conductivity measurements are reported on solutions 
of sodium and potassium guaiacolates in water-saturated guaiacol at 
25°C. 

4. The decrease of electrical conductivity with increasing concen¬ 
tration for these salts is explained on the basis of an ionic equilibrium 
combined with the interionic attraction theory of Debye and Hiickel. 

5. The limiting equivalent conductances of sodium and potassium 
guaiacolates in water-saturated guaiacol at 2S°C., the corresponding 
limiting ionic mobilities, and the dissociation constants are computed 
from^the conductivity measurements. The salts are found to be 
weak electrolytes with dissociation constants of the order of 5 X 10“‘. 
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II. The Distribution of Sodium and Potassium Guaiacolates 

BETWEEN GUAIACOL AND WATER 

By THEODORE SHEDLOVSKY and HERBERT H. UHLIG 
{From the Laboratories of The Rockefeller Institute for Medical Research) 

(Accepted for publication, December 1, 1933) 

INTRODUCTION 

In a series of studies related to the kinetics of penetration in living 
cells Osterhout and his coworkers^ have used artificial cell models, 
consisting of a non-aqueous phase (guaiacol or guaiacol with />-cresol), 
representing the protoplasmic surface, in contact with aqueous phases, 
representing the cell sap and the external solution. In this connection 
the distribution of electrolytes between guaiacol and water, is par¬ 
ticularly interesting. 

The electrical conductivities of sodium and potassiiun guaiacolate 
solutions in guaiacol have been discussed in the previous paper.* It 
was shown that these salts are weak electrolytes in such solutions, and 
that their ionization constants can be computed from the conductivity 
measurements by taking into account the effect of interionic forces on 
the mobilities and activities of the ions. 

This paper will deal with the partition of these salts between water 
and guaiacol, and will provide an independent means for computing 
these ionization constants. Starting from the assumptions that the 
salts are weak electrol)d;es in the guaiacol phase and strong electro¬ 
lytes in the aqueous phase, and using the interionic attraction theory 
of Debye and Httckel, it is shown that the variation of the distribution 
coefficients with concentration can be explained. Furthermore, the 
ionization constants previously obtained from conductivity measure- 

1 Osterhout, W. J. V., /. Gen. Physiol, 1932-33,16, 157, 529. Osterhout, W. 
J. V., and Stanley, W. M., /. Gen, Physiol, 1931-32,16,667. Osterhout, W. J. V., 
Kamerling, S. E., and Stanley, W. M., 7. Gen. Physiol, 1933-34,17,445,469. 

»Shedlovsky, T., and Uhlig, H. H., J. Gen. Physiol, 1933-34,17,549. 
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ments are found to be in satisfactory agreement with the distribution 
determinations. 

Also, it is shown that the magnitude of the distribution coefficients 
can be predicted from theoretical considerations, using only the proper¬ 
ties of the solvent and the solute in the computations. 

THEORETICAL 

In discussing the distribution of sodium or potassium guaiacolate 
between guaiacol and water, we shall assume that the salt is practically 
completely dissociated in the aqueous phase, in which, therefore, the 
ionic activity is (CiTi), — (G) being the total concentration of the 
salt in this phase, and (71) the corresponding activity coefficient. 

In the non-aqucous phase, the salt is only partially dissociated in 
accordance with the ionic equilibrium M+ -\-G~ = MG {M referring to 
the metal and G to guaiacolate), for which the mass action expres¬ 
sion is 

[MM [G-] ^ (C0y)* 

[MG\ C(1 -e) 

In this equation, K is the ionization constant, the brackets refer to 
activities, C is the total concentration in the non-aqueous phase, 0 is 
the degree of ionization, and 7 is the mean ionic activity coefficient. 
We have assumed that the undissociated portion of the electrolyte 
behaves as an “ideal” solute, so that its activity is equal to its concen¬ 
tration. At equilibrium, the ratio of the activities of any solute 
species distributed between two phases, at a fixed temperature and 
pressure, is a constant,* independent of the concentration. Accord¬ 
ingly, for the dissociated portion of the solute 



* In general this constant is not unity. This is because two standard states are 
involved, one for each phase. The actual “escaping tendency” of a solute species 
in equilibrium between two phases must, however, be equal. In other words, if 
the activities in the two phases were referred to a single standard state (in the 
gaseous or crystal state, for example), then the limiting partition coefficient would 
be unity. It is customary, however, to define the activity coefficient in such a 
manner as to render it equal to unity at infinite dilution, since by so doing the 
activity approaches the concentration as the solution becomes infinitely dilute. 
This procedure involves the fixing of a separate standard state for each solvent. 

Also, it is assumed that the properties of the solvents remain essentially constant. 
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in which the numerator on the right hand side of the equation is the 
ionic activity in the non-aqueous phase, and the denominator is the 
corresponding activity in the aqueous phase. The value of (So), the 
limiting partition coeflBicient, depends on the standard states for the 
two solvents. 

We shall assume that the activity coefficients (y) and ( 71 ) are given 
by the familiar Debye-Hiickel equations 


and 


logic 7 


a V ce 
1 + b Vctf 


for tlic non aqueous phase 


log 


(i\ 


Vq 


10 7 i = 


1 “h C\ 


-- for the afpicous phase 


(3) 

(3') 


in which the coefficients in the numerators are equal to 

0. 4343 / ^irNe^ \ J 

2DkT yOOO DkTj 


and the coefficients in the denominators are equal to 


\\000 DkTJ 

where 


e == electronic charge = 4.77 X 10~^®e.s.u. 
k = Boltzmann’s constant = 1,371 X 10“^® erg/degree 
D = dielectric constant 
T = absolute temperature 
N = Avogadro’s number = 6.06 X 10“® 
d = distance of closest approach for the ions 

Combining (1) and (2), and substituting ~ = 5, the partition coeffi¬ 
cient, we obtain ^ 


{SoY ^ Cl (71)^ ^ 

K ' - B) 1 - 


Cl (71)* 


(4) 


in which ^ Taking logarithms in (1) and substituting from (3) 

A 

and (3') 


log e = log — log s + 


a‘\/ce fli Vg 


1 + b \/C0 1 + biVCi 


(S) 
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The total salt concentrations, C and Ci, in the non-aqueous and 
aqueous phases respectively, have been determined by a method which 
will be described later in this paper. The ratio of these concentrations, 
S, is therefore also known, and 71 can be computed from equation 
(3'). Assuming a provisional value for ^o, which may be obtained 
from a plot of S vs. C 171 *, extrapolated to Ci 7 i* = 0 , values of 6 
corresponding to the various distribution experiments, have been 
computed from equation (5) by a method of successive approxima¬ 
tions. Then, using equation (4), values of 5(1 — 6) have been plotted 
against the corresponding values of Ciyi^. If the correct value of 5o 
has been chosen, the plot will be linear, passing through the origin 
with a slope equal to /3 (see equation (4)). Successive values of So 
are assumed until this criterion is satisfied. Since the slope of the 

plot is ^ the ionization constant, K, can thus be evaluated. 

In this discussion we have neglected the possible effect of hydrolysis 
of the salts in the aqueous phase on the partition coefficients. Al¬ 
though guaiacol is such a weak acid that its salts are extensively 
hydrolyzed in pure water, it will be shown below that the solubility of 
guaiacol in the aqueous phase, which, of course, was always saturated 
with guaiacol in the partition experiments, is sufficiently great to 
reduce hydrolysis to a negligible extent for our purpose. 

Effect of Hydrolysis on the Partition Coefficients 

The hydrolysis of sodium and potassium guaiacolate: M+ - 1 - G~ -|- 
HjO = Af+ -f OH~ -f HG has a mass action constant 

,, IOH-] [HG] K„ 

^ 

K„, in this expression, is the dissociation constant for water (1 X 
at 25°) and Ahg is the corresponding dissociation constant of guaiacol 
in water. 

Since we are interested only in the order of magnitude of the 
hydrolysis, we may neglect activity corrections. Thus, if Ci is the 
original concentration of guaiacolate in the aqueous phase, (X) the 
concentration of salt hydrolyzed, and Co the solubility of guaiacol in 
water, then 
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Ku, _ (C.)A- 

■^HG ~ 


(60 


The solubility of guaiacol in water (Co) was determined by making successive 
additions of guaiacol from a weight burette to a weighed quantity of water con¬ 
tained in a glass-stoppered flask. After each addition of guaiacol, the solution was 
thoroughly shaken and allowed to stand in a constant temperature room at 25°C. 
The amount of guaiacol added to 116 gm. of water necessary for saturation was 
determined to within 1 drop. 

Solubility (weights in air) gm. HG/KXK) gm. H 2 O =24.1 ± 0.2 
Moles guaiacol per 1000 cc. solution = 0.190 = Co 

The dissociation constant of guaiacol Knc in water at 25°C. was determined in 
the following way. The pH of an aqueous solution 0.129 molal in guaiacol and 
0.0195 molal in potassium guaiacolate was measured with the glass electrode, 
giving a value of 9.20.* 


Taking logarithms in equation (6) we obtain log /sThg = log [G”] 
— log [HG] — pH, from which the value of the dissociation constant 
Kna can be calculated by substituting the appropriate values for 
[G-], pH, and [HG]; [HG] = 0.129, pH = 9.20, and log [G-] = log 
(0.0195) + log yc~. The activity coefficient term, log ya- is given 
by the Debye-Huckel equation [equation (S')]- Thus, A'hg at 25°C. 
was found to be 8 X 10~**. 

Returning now to equation (6'), and substituting the proper values 
for Ky,, Kaa, and Co we obtain: 


Kh = 


10 -^* ^ 
8 X 10-11 


0.190 X 
C - X 


Solvmg for X, we get 

X =» (6.6 X 10“*)C 


which shows that the maximum error to be expected from neglecting 
hydrolysis is under a tenth of a per cent. For our purposes this small 
effect is entirely negligible. 


Partition Experiments 

The partition experiments were carried out in Pyrex glass tubes of about 50 cc. 
capacity, provided with a stop-cock at one end and a ground glass stopper at the 


^ We are indebted to Mr. D. Belcher for this measurement. Pure materials, 
and carbon dioxide-free conductivity water were used in preparing the solution. 
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other. With this arrangement, the two liquid phases could readily be separated 
from each other for subsequent analysis. Equilibrium between the aqueous and 
guaiacol solutions of the alkali guaiacolates® of various concentrations was attained 
by rotating the tubes containing the solutions in a constant temperature room at 
25°C. zh 0.1° for 15 hours. The solutions turned from colorless to a yellow or 
brownish tint at the end of this period, due probably to an oxidation of a small 
amount of guaiacol to a quinoid structure. 

Analysis .—The analysis of both the aqueous and guaiacol phases for sodium or 
potassium guaiacolate was carried out by adding distilled water to a known 
volume of solution and titrating with standard hydrochloric acid. Analyses of 
sufficient accuracy were only made possible by employing with glass electrodes a 
modification of the differential titration method described by Macinnes and Dole.® 
Glass electrodes were used since they are not “poisoned” by guaiacol. The 
procedure was to titrate the major portion of the solution with 0.1 N or 0.01 n 
acid delivered from a weight burette to within a few drops of the end-point, and 
then to complete the titration with a more dilute standard acid (0.001 to 0.002 n), 
delivered from a volumetric burette. 

We are greatly indebted to Dr. D. A. Macinnes for the design of the differential 
titration apparatus which made the attainment of the required accuracy for this 
work possible. The apparatus is shown, diagrammatically, in Fig. 1. Two spiral 
electrodes {A and B) of the type described by Macinnes and Belcher^ were used. 
The electrode {A) forms part of a gas lift pump for circulating the titrated solution. 
A jacket of Jena glass, sealed around this electrode, is filled with 0.1 n hydrochloric 
acid solution from which a silver-silver chloride electrode {E) makes contact to one 
terminal of the potentiometer. Another, larger, spiral electrode {B) entirely 
encircles the smaller “pump” electrode {A). It is filled with 0.1 n hydrochloric 
acid from which another silver-silver chloride electrode (F) completes the circuit 
to the potentiometer. The outer electrode {B) is rigid enough to be used as a hand- 
operated stirrer. Commercial nitrogen, after passing over soda-lime and through 
a cotton filter, enters through the stop-cock (5), operates the gas lift pump, and 
escapes at {0). Thus, solution is drawn up at (M) and is passed through the inner 
part of the spiral {A), returning to {N). The differential titrations were carried 
out with a student type Leeds and Northrup potentiometer and a vacuum tube 
(pliotron) electrometer.® 

The potential differences corresponding to values near the end-point for a 2-drop 
addition of 0.001 N HCl amounted, in the case of the dilute guaiacol solutions, to 

® The preparation of the salts and the purification of guaiacol have been de¬ 
scribed in the previous paper. Conductivity water was used for the aqueous phase. 

® Macinnes, D. A., and Dole, M., J. Am. Chem. Soc.^ 1929, 61, 1119. 

^ Macinnes, D. A., and Belcher, D., Ind. and Eng. Chem.^ Analytical Edition, 
1933, 6, 199. 

® Hill, S. E., Science, 1931, 73, 529. We are indebted to Dr. S. E. Hill for put¬ 
ting this instrument at our disposal. 
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11-12 mv., and to 3-S mv. in the case of the more concentrated solutions. It was 
thus always possible to estimate the end-point within 2 drops of 0.001 n acid. 

The results of the partition experiments for potassium guaiacolate 
are given in Table I and those for sodium guaiacolate in Table II. No 



Fig. 1. Glass electrode differential titration apparatus 

corrections were made for hydrolysis in the aqueous phase, since it 
was shown previously that the errors arising from this source were less 
than the probable experimental errors. 

The method for calculating values of the dissociation constants of 
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the alkali guaiacolates in water-saturated guaiacol has already been 
discussed in this paper. 


TABLE I 


The LHstribidion of Potassium Guaiacolate between Water and Guaiacol at 25°C. 


Non>aqueous phase 

Aqueous phase 

Partition coefficient 

C (moles/liter) 

Ci(moles/liter) 

CiM* 


Observed 

Calculated* 

Cl 

0.0613 


0.1397 

0.0860 


0.03247 

0.0322 

0.1001 

0.0643 

BlSH 

0.02037 

0.02037t 




0.01073 

0.01081 


BBH 

0.195 

0.00924 

0.00925 

0.0505 


0.183 

0.00283 

0.00290 

0.02652 

0.0199 

0.107 

0.00093 

0.00090 

0.01347 

0.0108 

0.0690 

0.00055 

0.00052 

0.00974 

0.00802 

0.0566 

0.00034 

0.00029 

0.00683 

0.00577 

0.0490 


*K ^5.1 X 10-«. 

t Reference point, fi = 4.61; 5o = 0.0153. 


TABLE II 


The Distribution of Sodium Guaiacolate between Water and Guaiacol at 25°C. 


Non-aqueous phase 

Aqueous phase 

Partition coefficient 

C (moles/liter) 

Ci(molcs/liter) 

Ci(-r,)' 


Observed 

Calculated* 

C, 

0.005575 

0.00559 

0.06437 

■m 

0.0866 

0.002780 

0.00283 

0.04396 



0.002789 

0.00282 

0.04384 



0.001702 

0.001702t 

0.03285 

0.0241 

BbIH 

0.000998 

0.00099 

0.02408 

0.0183 


0.000518 

0.00052 

0.01585 

0.0125 

BHH 

0.000344 

0.00031 

0.01189 

0.00963 



*K~i.3X 10-*. 

t Reference point, /S — 1.75; 5o = 0.00855. 


In computing the activity coefficients for the ions, according to the 
Debye-Hiickel theory (equations (3) and (3')), a radius of 7 A. has 
been assumed. This value was estimated with the aid of crystal 
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structure data,® and is sufficiently accurate since it enters as a correc¬ 
tion term in the equations. 

For the aqueous phase, saturated with guaiacol, the dielectric con¬ 
stant is 76.1, and for the non-aqueous phase, saturated with water, it 
is 14.3.“ Accordingly, 

. 0.526 VG 

logio 71=" - 7 = 

1 -I- 2.32 VCi 


and 


logto y 


6.52 y/cd 
1 -h 5.36 Vee 


that is, a = 6.52, b = 5.36, Oi = 0.526, and bi = 2.32 in equations (3) 
and (S'). 

In Fig. 2, for potassium guaiacolate and sodium guaiacolate respec¬ 
tively, the solid lines show plots of the partition coefficients S (ordi¬ 
nates) against C 171 ® (abscissae), Ci referring to the salt concentration 
in the aqueous phase and 71 to the corresponding activity coefficients. 
The dotted lines in the figure show plots of 5(1 — 0) against the same 
abscissae. It will be recalled that to compute values of d, successive 
values for the limiting partition coefficient So are assumed; and the 
correct value of So is the one that sends the line, 5(1 — 9) vs. C 171 ®, 

through the origin. The slope of this line is = /?, from which K, 

the ionic dissociation constant, is computed. 

The calculated results for potassium guaiacolate give values oi K = 
5.5 X 10“® and So = 0.016, and for sodium guaiacolate A = 3.5 X 
10“®and So = 0.007. These values of K are in satisfactory agreement 
with those obtained from conductivity measurements, which were K = 
5.1 X 10~® for potassium guaiacolate, and K = A.S X 10’® for sodium 
guaiacolate. 

The agreement may, perhaps, be shown more clearly in another way. 
Equation (4) may be rewritten in the form 

C = /3C*(7i)‘ -I- ec (4') 


® Pauling, L., /. Am. Chem. Soc., 1927,49, 765. 

We are indebted to Dr. S. 0. Morgan of the Bell Telephone Laboratories 
for these values. 
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We shall assume that K has the value determined from the con¬ 
ductivity measurements for each salt. Now, taking the measured 
values of C and Ci for one partition experiment (a reference point), we 
calculate 0 in equation (4'), using equations (1) and (3). Taking this 
value of we then compute values of C corresponding to all the 
measured values of Ci. A comparison between the values of C (the 
alkali guaiacolate concentration in the non-aqueous phase) calculated 



Fig. 2. Partition coefficients (5) of sodium and potassium guaiacolates between 
guaiacol and water at 25'’C. 


in this manner and those obtained experimentally is shown in columns 
(2) and (1) respectively, of Tables I and II. The agreement is evi¬ 
dently quite satisfactory. 

The Theoretical Prediction of Limiting Partition Coefficients 

The relative concentrations of a solute species in two phases which 
are in equilibrium depend on the difference of the potential energy of 
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the solute in the two phases. In this discussion, we shall confine our¬ 
selves to the simplest case (infinite dilution) for which the concentra¬ 
tion ratio is the limiting partition coefficient, 5o. 

It has been shown by Born,“from classical electrostatic theory, that 
the difference in potential energy resulting from the transfer of a 
spherical ion from one solvent to another is given by the equation 



in which is the charge of potential energy, e is the electrostatic 
charge of the ion, r is the ionic radius, and D and Z?i are the dielectric 
constants of the two solvents. Furthermore, the Maxwell-Boltzmann 
distribution theorem gives us an expression for the concentration 
ratio: 

C — — 

— = txp.~ kT (9) 


K is the Boltzmann constant, and T the absolute temperature. 
Combining these two equations, we obtain 


log. 


£ 

C, 



( 10 ) 


corresponding to the transfer of one kind of ion. However, since the 
electrical neutrality of the phases must be preserved, it is necessary to 
consider the simultaneous transfer of a negative and positive ion. 
Consequently, instead of equation (10) we have, for a simple uni¬ 
univalent electrolyte 



2kr \D Di/ \r* rj 


in which r+ and r~ are the respective radii of the positive and negative 
ions. This equation reduces to 


^--^(i-5;)(;^-.‘) 


( 11 ) 


In the derivation of equation (11) it has been assumed that the prop¬ 
erties of the solute depend only on its electrostatic charge and radius. 


“ Bom, M., Z. Phys., 1920,1,45. 
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and that those of the solvents depend on their dielectric constants 
alone. This means that all energy changes due to electrostriction, 
electrical saturation of solvent about the ions, ionic field as)amnetries, 
electronic displacements, etc., have been neglected. 

Since most of the factors neglected in this simple treatment are con¬ 
cerned with forces operating close to the ions, we shall make the follow¬ 
ing additional assumption. Let us assume that most of the “close 
range” forces are confined to a region corresponding to a single layer of 
solvent molecules polarized around the ions. It will be recalled that 
the concentration of water in the guaiacol phase, saturated with water, 
corresponds to a mole fraction of about 25 per cent. Water molecules, 
although smaller in size, have larger electrical dipole moments than 
guaiacol molecules. It is therefore reasonable to suppose that even in 
the guaiacol phase the ions will be preferentially “solvated” with water. 

We shall assume, then, that for the case of salts distributed between 
guaiacol and water, the ions may be regarded as similarly hydrated 
with a single sheath of water molecules in both phases. 

Returning to equation (11), and substituting the proper numerical 
values {k = 1.37 X 10-i«, e = 4.77 X 10-“, T = 298° (for 25°C.), 
D = 14.3, Di = 76.1) we obtain 



in which, now, and r~ are the radii, in Angstrom units, of the 
solvated positive and negative ions. These values we shall obtain by 
adding 1 A. (for the water sheath) to the crystallographic ionic radii.* 
Thus rxa+ = 1-95 A., = 2.33 A., tq- = 7.0 A. Substituting 

these values in equation (12) for sodiiun guaiacolate (NaG) and potas¬ 
sium guaiacolate (KG) we obtain: 

5o (NaG) = 0.0055; So (KG) = 0.011 

which are in as good agreement as can be expected with the experi¬ 
mentally determined values 

So (NaG) = 0.007; 5o (KG) = 0.016 

“ Instead of equation (11) N. Bjerrum {Tr. Faraday Soc., 1927, 23, 447, 449) 
(see also Z. phys. Chem., 1927,127, 358; 1932,169, 194) has used equation (10), 
with a value of r equal to the mean of the positive and negative ionic radii, and 
has shown that it fails to predict actual partition coefficients. 
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It is thus possible to predict from equation (12) that the smaller 
the ion sizes the smaller will be the limiting partition coefficients {So). 
The stoichiometric partition coefficient (5) (sec equation (4)) is 
directly proportional to the square of (So), and indirectly proportional 
to the dissociation constant (K). 

It can be shown^® that the same factors which increase (5o) also 
increase {K). However, since S is proportional to the first power of 

and to the square of {So), the latter primarily determines the 
change of {S) with the concentration. Thus we may conclude that 
the slope j3 = of equation (4) will be larger for salts having larger 

ions. This generalization is confirmed in the recent partition experi¬ 
ments of Osterhout, Kamerling, and Stanley,who found that for the 
alkali guaiacolates distributed between water and guaiacol-/>-cresol 
mixture, 5 increases in the order Cs > Rb > K > Na > Li, which 
is precisely what we should expect from the corresponding ion radii. 
The small partition coefficient for potassium chloride, measured by 
the same investigators can similarly be predicted from equation (12), 
since the “hydrated” chloride ion (rci- = 2.87 A.) is considerably 
smaller than the corresponding guaiacolate ion (rc- = 7.0 A.). 

The effect of temperature on partition coefficients can be deter¬ 
mined from equation (11). Since the logarithm in this equation is 
numerically negative, we can predict a greater partition coefficient at a 
higher temperature. 



SXJMMARY 

1. Measurements are reported on the distribution of sodium and 
potassium guaiacolates between guaiacol and water at 25°C. 

2. The variation of the partition coefficients with the concentration 
is explained with the aid of the Debye-Htickel interionic attraction 
theory and the assumption that the salts are strong electrol 3 des in 
water and weak electrolytes in guaiacol. 

Bjerrum, N., K. Danske Vidensk. Selsk., 1926, 7, No. 9. Fuoss, R. M., and 
Kraus, C. A., J. Am. Chem. Soc., 1933,66,1019. 

Osterhout, W. J. V., Kamerling, S. E., and Stanley, W. M., J. Gen. Phyiiol., 
1933-34,17,469. 
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3. The dissociation constants of sodium and potassium guaiacolates 
in guaiacol previously computed from electrical conductivity deter¬ 
minations are shown to be in agreement with the corresponding values 
obtained from the distribution measurements. 

4. From theoretical considerations an equation is derived with which 
it is possible to predict the magnitude of the limiting partition coeffi¬ 
cients from the dielectric constants of the solvents, the size of the 
solute ions, and the temperature. 



INFLUENCE OF DEATH CRITERIA ON THE X-RAY SUR¬ 
VIVAL CURVES OF THE FUNGUS, NEUROSPORA* 

By FRED M. UBER and DAVID R. GODDARD 
{From the Department of Botany, University of California, Berkeley) 
(Accepted for publication, November IS, 1933) 

Most recent papers on the effects of X-rays on microorganisms have 
been based on quantitative investigations, and the results usually 
have been expressed in the form of survival curves where the survival 
ratios are plotted as a function of the X-ray dosage. In general, at¬ 
tempts have also been made to correlate the findings with the predic¬ 
tions of the quantum hit theory. Originally derived in an elementary 
form by Crowther (1926) and Condon and Terrill (1927) from statis¬ 
tical considerations of the quantum nature of radiation, this theory 
has recently been elaborated by Glocker (1932) so as to be applicable 
to more complex biological systems. 

The quantum hit theory has tacitly assumed that the concept of 
death is absolute and precise—that a distinction between the condition 
of life and death in a given organism can always be made. In deter¬ 
mining survival ratios, one must first select some reliable criterion as 
to what constitutes survival. No theoretical significance can be 
attached to survival curves obtained in the absence of an accurate 
standard. For example, the traditional index of death adopted by 
bacteriologists is the failure of a cell to produce a macroscopic colony, 
or, in other words, the loss of the reproductive function. 

The shape and meaning of bacterial killing curves have been discussed by Rahn 
(1932). It has been customary to draw such graphs on semilogarithmic paper. 

* The authors take pleasure in expressing their gratitude to Dr. Lee Bonar for 
the privilege of frequent consultation and advice, and to Dr. T. H. Goodspeed for 
his enthusiasm and generosity in placing at our disposal his facilities for research 
with X-radiation. 

The investigations reported here were supported by grants to Dr. T, H. Good- 
speed from the Board of Research, University of California, and from the Com¬ 
mittee on the Effects of Radiation of the National Research Council. 
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When data on the bactericidal effects of X-rays were graphed in this orthodox 
manner by Holweck and Lacassagne (1929, 1930a) and Wyckoff (1930), straight 
lines were obtained. These were immediately interpretable in terms of the quan¬ 
tum hit theory with which they were in complete agreement, and meant that a 
bacterium was killed by the absorption of a single quantum. Since it was known 
from energy considerations that each bacterium had actually absorbed many 
quanta, the particular one effective in causing death was considered to have been 
absorbed in a so called sensitive volume. Such sensitive regions have been 
assigned values ranging from cell nuclear to molecular dimensions, depending on 
the experiment. Although no effects have been ascribed to the numerous quanta 
absorbed outside the sensitive volume, Wyckoff (1932) has recently had some mis¬ 
givings about them. 

Additional experiments to prove the correctness of the quantum hit theory were 
soon under way with yeasts as the test organisms. Life was found to continue 
even though the budding process was inhibited; furthermore, many cells were 
found budding one or more times before succumbing to apparent death. Although 
reproducible survival curves were obtained by Holweck and Lacassagne (19306), 
Wyckoff and Luyet (1931), and Glocker, Langendorff, and Reuss (1933), the adop¬ 
tion of arbitrary death criteria permitted no unique interpretations in terms of the 
theory. Rahn and Barnes (1933) in an experimental study of death criteria in 
yeast found their curves radically affected by the following selection of standards: 
reproduction, staining, rate of CO 2 production, and protoplasmic coagulation. 

Very interesting in this connection are the results obtained by Zirkle (1932) on 
fern spores irradiated with alpha particles. Each of the three death criteria he 
used yielded a different value for the number of hits required to kill. 

Of the several references known to the authors on the effects of X-radiation on 
fungi, only two contain quantitative data. Attempts by Leonian (1929) and 
Heldmaier (1929) were entirely negative; Holweck and Lacassagne (19306) found 
their material unsuitable for quantitative study; Nadson and Philippov (1925) 
report qualitative observations only. Studies on the control of agriculturally 
important fungi with X-radiation have been reported by Tascher (1933). Al¬ 
though most of his paper is devoted to a study of induced sector mutations, Dick¬ 
son (1932) has published a killing curve for Chaetomium cochliodeSy plotting number 
of injured spores against the dosage. The difficulties encountered by Luyet (1932) 
in his studies with the fungus, Rhizopus nigricans, are partially revealed in the 
following quotation: ‘‘Besides the giant spores without mycelia, others are found 
which, growing short mycelia before their development ceases, represent all 

transition stages toward normal cells.The presence of swollen spores 

obviously makes it difficult to set up the accurate criterion of death necessary for 
obtaining significant survival ratios.’^ 

In inaugurating the researches reported in this paper, the authors 
were desirous of finding a fungus suitable for a quantitative study of 
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certain biological effects of X-rays. Two species of the ascomycetous 
fungus Neurospora, N. sitophila and N. tetrasperma, were selected. 
These are closely related species which do not hybridize freely, but as 
the former has uninucleate ascospores and the latter binucleate, some 
variation in the shape of their survival curves or in the rate of induced 
mutations was considered possible. 

The genus Neurospora is well known from the papers of Shear and 
Dodge (1927), Dodge (1927,1928, 1931), and Lindegren (1932,1933). 
N. sitophila produces 8 unisexual, uninucleate, haploid ascospores in 
each ascus. A single spore culture gives a vegetative colony which is 
genetically homogeneous, for all the cells have been obtained from a 
haploid cell. Since these single spores are easy to isolate, this is a 
particularly favorable organism in which to study mutation rates in 
either control or irradiated cultures. Since the vegetative cultures 
are haploid, there is no problem of dominance for the vegetative char¬ 
acters; therefore, backcrossing is unnecessary. This may not be true 
in a study of reproductive characters. Sexual cultures of N. sitophila 
may be obtained readily by breeding the two sexually allelomorphic 
strains. N. tetrasperma produces 4 binucleate, bisexual, diploid 
spores in each ascus. If there is any dominance, the frequency of 
apparent variation should be much less. This organism is probably 
not so suitable for a study on the rate of mutation; however, it is more 
convenient for determining the effects of X-rays on sexual repro¬ 
duction. 


X-Radiation 

As a source of low-voltage X-radiation, a water-cooled Mueller tube (the so 
called Grenz ray tube) was employed. In this particular form of tube, the filament 
leads extend through a hole in the center of the anticathode so that the focal source 
is annular in shape and inclined at an angle of 45° with respect to the utilizable 
X-ray beam. The 60 cycle alternating potential applied to both tube and filament 
was supplied by a manually controlled Wappler installation. Throughout the 
course of the experiments, the cah'brated voltmeter on the primary of the high 
voltage transformer read 11 kv. (root mean square). The tube current was held 
constant at 8 milliamperes. Although no spectral analysis has been made of the 
quality of the radiation, it seems clear from the data of Glassner (1932) and Exner 
(1932) that over 95 per cent of the measured intensity was included in the wave 
length range from 1 to 2.5 Angstrdm units. The Lindemann glass window in the 
tube served as the only filter. 



580 


X-RAY SURVIVAL CURVES OF NEUROSPORA 


Dosage measurements in terms of the international roentgen were carried out 
with an open air ionization chamber and accessory apparatus previously con¬ 
structed by one of the authors. Though similar in design to the instrument of 
Taylor and Stonebumer (1932), it differs in a number of structural features which 
have been described elsewhere by Uber (1933). Except in the germination 
experiments, the intensity used throughout was such as to give a measured dosage 
of 210 roentgens per minute. This value would be increased somewhat by scat¬ 
tered radiation. 

Uniformity of X-ray intensity in a radial direction for the effective beam was 
found by ionization measurements to lie within the limits of the experimental 
error. Angular uniformity was secured by rotating the irradiated material 
continuously on a clinostat, the period of rotation being small compared to the 
exposure times. Since it was impossible to eliminate scattered radiation, an 
attempt was made to have its contribution to the total intensity a constant one 
over the area used. To accomplish this, the material was placed on a smooth 
agar surface which in turn was laid on a plane sheet of lead resting on the clinostat. 

Material and Methods 

Cultures of Neurospora siiophila and N. ietrasperma were kindly furnished us 
by Dr. B. O. Dodge of the New York Botanical Garden. Strains of the former 
bore the markings 56:8 A and 56:3 B, the latter 19.3 e. Both species produce 
an abundance of black ascospores which are discharged from their perithecia when 
mature. These spores are approximately 13-15/i in diameter and 23-3 Iju in 
length, the upper limits in each case being characteristic of N. tetrasperma, Coni- 
dia and microconidia are also produced. The prolonged heat treatment, to which 
the ascospores must be subjected in order to initiate growth processes, insures 
purity of the cultures by killing vegetative cells or contaminating organisms. 
This obviation of sterility precautions makes these ascospores very desirable 
test objects from the standpoint of experimental technic. 

A suspension of ascospores, which had been discharged from mature perithecia, 
was made in distilled water. The dilution of the suspension was adjusted by trial 
so that when the surface of a circular agar disc was flooded the spores were well 
separated. The plain 3 per cent agar was 15 cm. in diameter and 3 mm. thick. 
After the surplus water had evaporated from the surface, this sheet of agar and 
its lead support were centered on the clinostat. The irradiation was carried out 
with the spores 21 cm. from the effective focal plane of the anticathode. Angular 
sectors of the agar disc were removed at the end of the several exposure intervals. 
When all of the exposures had been made the irradiated sectors and the controls 
were subcultured. 

Single spore inoculations were made from the various sectors and controls with 
the aid of dissecting microscopes and small spatulas. From 100 to 150 single 
spore isolations were made for each interval, and each spore was inoculated into 
a 10 cm. test-tube. The nutrient medium was 0.5 per cent malt extract and 0.5 
per cent glucose in 2 per cent agar. 



FRED M. USER AND DAVID R. GODDARD 


581 


The heat treatment administered to these agar slant cultures was carried out in 
a thermostat oven at 60°C. After exposure periods ranging from IJ to 2J hours, 
depending on the particular experiment, the cultures were transferred to the 25°C. 
incubation room. 

Qualilative Results 

Early experiments with N. sitophila were largely of an exploratory 
nature. In group germination studies of the irradiated ascospores, a 
marked delay in growth ranging from several hours to several days 
was at once apparent. Development of the spores in the higher 
dosage groups soon ceased, only short germ tubes having been pro¬ 
duced. With successively shorter exposures, there was a progressive 
increase in the mycelial growth which finally obscured all observations. 
That the really interesting phenomena were being masked and that 
it would be necessary to adopt some such method as the one outlined 
in the preceding section were immediately evident. 

Since each spore gave rise to an individual test-tube culture, the 
fate of each one could be easily followed. Most striking was the large 
percentage of abnormal cultures which developed from the irradiated 
spores while the controls showed almost complete uniformity; how¬ 
ever, the abnormalities were practically continuous in gradation. 
Among the many mutant characteristics, the following may be men¬ 
tioned: color variations in conidial masses, discoloration of agar 
substrate, abortive perithecia, non-conidial albino strains, unusual 
types of aerial mycelium, and the so called “wet” cultures. These 
qualitative observations parallel those of the earlier investigators on 
fungi. 

Survival curves for N. sitophila were obtained too early in the evo¬ 
lution of our technic to be of quantitative value. In cases where the 
data are comparable, they corroborate the results obtained with N. 
tetrasperma. 

Quantitative Results 

Group Cultures. —The methods used in obtaining quantitative data 
on ascospore germination differ in several particulars from those 
outlined on previous pages. Higher dosage requirements necessitated 
shortening the distance from the anticathode to the irradiated ma¬ 
terial from 21 cm. to 9 cm. The approximate dosages for each of the 



582 


X-RAY SURVIVAL CURVES OF NEUROSPORA 


exposure periods, as given in Table I, are to be considered as minimal 
values. Upon removal from the X-ray beam, the original sectors of 
the agar disc holding the spores were placed in Petri dishes; at the 
conclusion of the series of exposures, these were heated for 2 horns in a 
thermostat oven at 62'’C. The germination coimts were made 12 
hours later, the protrusion of as much as a mycelial beak being con¬ 
sidered as an index of germination. 

It will be noted from Table I, and from Table II as well, that control 
germinations under the conditions of the experiment were unusually 
uniform—ranging from 92 to 95 per cent. Series H and K differ in 

TABLE I 


Germination Data for X-Irradiated Ascospores of N. tetrasperma 


X-ray exposure 

Approximate 

dosage 

Senes H 

Senes K 

No counted 

Germinated 

No counted 

Germinated 

hrs 

roenii^ens 


per cent 


per cent 

0 * 

0 

244 

93 5 

804 

95 

1 

70,000 

228 

91 7 

545 

92 4 

2 

140,000 

217 

76 

347 

85 

2i 

175,000 



368 

83 

3 

210,000 

600 

00 

510 

51 

3i 

245,500 



588 

34 5 

4 

280,000 

168 

46 

653 

82 

5 

350,000 

373 

9^ 

446 

26 

6 

420,000 

203 

94 

788 

2 5 

7 

490,000 

174 

79 



8 

560,000 

162 

59 




that the spores in Series K were a month older; the latter were obtained 
from a culture aged 3 months. When presented in graphical form as 
Fig. 1, these results exhibit several striking features. Outstanding is 
the existence of a low minimum in the survival curve followed by a 
^gh secondary maximum. As shown by the composite growth curve 
which has been inserted for comparison, the normal growth process is 
inhibited long before the mechanism responsible for germination is 
destroyed. No relationship whatsoever seems to exist between ger¬ 
mination and growth, other than that the former is necessarily a 
prerequisite of the latter. 
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With increasing X-ray dosage up to 100,000 r., there is a progressive 
decrease in the length of the germ tube. This is in agreement with 
the observations of Dickson (1932) on Chaeiomium cocMiodes and 
Luyet (1932) on Rhizopus nigricans. It is difficult to determine just 
what constitutes germination at the higher doses. Spores receiving 
dosages around 150,000 r. produced short, swollen germ tubes. Upon 
closer examination these were found to contain coagulated protoplasm 
and were obviously dead. For dosages around 300,000 r. or more, the 
germ tubes were quite transparent as if filled with an aqueous solution. 
This is the region of the second maximum in the germination curve. 



Fig. 1. Survival of irradiated ascospores using germination as a criterion of 
death. Note that growth ceases at a comparatively low dosage. 

None of these germ tubes grew appreciably in length, and it seems 
probable that all these spores, even though producing germ tubes, 
were dead. It appears likely that the germination curve is dependent 
upon certain physical rather than physiological effects of the X-rays. 
The germination curve, then, probably represents the course of cer¬ 
tain physical changes in a non-living system. Spore germination is 
not a criterion of the life of the cell; therefore, it cannot be used for 
obtaining data with which to test the quantum hit theory of lethal 
action. Luyet (1932) has used spore germination for such a criterion; 
from the above discussion this seems not to be justified. 

Single Spore Cultures .—The data on single spore cultures of irra- 
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dialed N. telrasperma were obtained according to the methods al¬ 
ready described in a previous section. The results are tabulated in 
Table II. Series E and G differ in regard to their heat treatment, the 
former being heated 1? hours and the latter 2^ hours at 60°C. It was 
considered highly desirable to avoid all artificial distinctions in as¬ 
certaining the lethal effects produced. Consequently, only those 
criteria of death which appeared to have a real significance in the life 

TABLE II 


Single Spore Culture Data for X-Irradiated N. tetrasperma 
{Series E Above; Series G Below) 


Exposure 

time 

Total 


No. of cultures with 


Cultures with 

No. of 
cultures 

Normal 

perithecia 

1 

Mature 

ascospores 

Perithecia 
absent or 
sterile 

Positive 

growth 

Growth 

absent 

Positive 

growth 

Mature 

ascospores 

hr 5. 

0.0 

100 

87 

88 

4 

92 

8 

per cent 

92 

per cent 

88 

0.5 

100 

84 

87 

1 

88 

12 

88 

87 

1.0 

60 

38 

49 

2 

51 

9 

85 

82 

1.5 

149 

31 

73 

35 

108 

41 

72 

49 

2.0 

150 

7 

30 

80 

no 

40 

73 

20 

3.0 

149 

0 

2 

20 

22 

127 

15 

1.3 

4.0 

100 

0 

0 

1 

1 

99 

1 

0 

5.0 

97 

0 

0 

0 

0 

97 

0 

0 

0.0 

100 

93 

93 

1 

94 

6 

94 

93 

0.5 

100 

79 

79 

2 

81 

19 

81 

79 

1.0 

99 

77 

88 

3 

91 

8 

92 

89 

1.33 

145 

63 

98 

20 1 

118 

27 

81 

68 

1.66 

150 

33 

64 

74 ! 

138 

12 

92 

43 

2.0 

149 

3 

19 

105 

124 

25 

83 

13 

2.5 

100 

1 

.4 

28 

32 

68 

32 

4 


cycle of the organism were employed. These were germination, 
positive growth, mature ascospores, and the production of normal 
perithecia. Perithecia have been considered normal if they dis¬ 
charged their spores within 3 weeks after irradiation. In determining 
the cultures with mature ascospores, the non-discharging perithecia 
were crushed on cover-glasses and examined under the microscope. 
By "positive growth” is meant cultures whose mycelia covered the 
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surface of the agar substrate and/or which were capable of being sub¬ 
cultured. The selected groupings were found to possess well defined 
natural boundaries. Within each classification, however, continuous 
gradations existed. For example, the class “mature ascospores” 
includes those cultures which discharged spontaneously, those which 
contained a full complement of spores but did not discharge, and 
finally perithecia which contained relatively few mature spores. 
Similarly, under “perithecia absent or sterile” are grouped conidial 
and non-conidial cultures along with those having scleroid bodies, 
abortive perithecia, etc. The appearance of 4 non-perithecial cultures 
in the Series E controls is probably due to the unintentional culturing 
of small uninucleate spores. Since it was known that a small per¬ 
centage of such spores appears in N. tetrasperma, an effort was made to 
select only the uniform binucleate variety. Even the binucleate spores 
may be unisexual in rare cases (see Lindegren, 1932). The final 
counts were made 30 days after the date of irradiation. That equally 
significant data might have been secured at a much earlier date was 
indicated by superficial counts made in the interim. 

A graphical presentation of much of the data in Table II is fur¬ 
nished in Figs. 2 and 3, though in a slightly altered form. The sur¬ 
vival ratios have been adjusted for the controls by setting the value of 
the latter at 100 per cent. In order that all the curves might be 
readily comparable with each other, the X-ray dosage in roentgens has 
been plotted as the abscissa in each case. In Figs. 2 and 3, each 
abscissa division corresponds to a time period of 1 hour or a dosage of 
12,500 r. The germination curve, which for such low dosages is 
practically a straight line, has been sketched for comparison. No 
graphs have been drawn to represent the survival of normal perithecia 
since the values to be plotted for such curves are almost identical with 
the ascospore ratios for the initial periods of exposure; however, at the 
higher dosages the development of normal perithecia was curtailed 
very markedly. Thus while both nuclei of a spore might survive the 
irradiation process, injury sufficient to interfere with the automatic 
dispersal of mature ascospores from the perithecia was frequently 
sustained. 

The dosages corresponding to 50 per cent survival for ascospore 
production and growth are approximately 20,000 and 30,000 roentgens. 
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Fig. 2. Survival curves for irradiated ascospores, showing the dependence of 
shape on the choice of death criteria. 



Fig. 3. Survival curves for irradiated ascospores. The broken line represents 
the ascospore production expressed as a percentage of the number of growing 
cultures. 
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respectively. Since two nuclei must be operative in sexual reproduc¬ 
tion while only one may suffice for growth, one would expect from 
probability considerations some such relationship between these half¬ 
survival dosages. For example, if the probability of one nucleus in a 
spore being mortally injured by a given dosage is 0.5, the chance of 
both suffering the same fate is the product of the separate probabili¬ 
ties, or 0.25. This assumes that both nuclei are equally sensitive 
and that the theory of probability is valid when applied to the phe¬ 
nomenon of death induced by X-radiation. Though the above value 
fits the conditions in Fig. 2 rather well, the agreement with additional 
calculations made in the same manner is far from satisfactory in 
general. 

The zigzag nature of the growth curve in Fig. 3 may be spurious, 
such as would result from sampling or other error. It is certainly 
brought about by a cause other than that immediately responsible for 
the processes of sexual reproduction. Support for such a view is seen 
in the shape which the ascospore curve for Series G assumes when the 
survival ratios are based on the number of positive growth cultures 
instead of on the total number of tubes inoculated. This transforma¬ 
tion gives the broken curve in Fig. 3, a curve which is regular in shape 
and approximately congruent with the corresponding one in Fig. 2. 
Most of the data graphed in Figs. 2 and 3 are unsuitable for an analysis 
on the basis of the quantum hit theory due to irregularities in the 
shape of the curves. If this anomalous behavior is real, and due, 
perhaps, to the interaction of several destructive phenomena, the 
theory is not strictly applicable unless the gross survival curves can 
be resolved into their component parts. If one plots the standard 
theoretical survival curves corresponding to the effective number of 
hits required to kill (see Condon and Terrill, 1927), and compares them 
with the ascospore curve in Fig. 2, one obtains the value 9 for the best 
fit. From energy considerations it is now possible to calculate the 
so called sensitive volume of the spores. Assuming the effective 
wave length to be 1.5 Angstrom units, the specific gravity 1.1, the 
ionizing energy in volts per ion pair 35, and making other customary 
assumptions as to absorption coefficients, etc. (see Wyckoff, 1930), one 
finds for the supposed sensitive volume a diameter of 0.5fi. Recalling 
that the ellipsoidal spores have the minor and major axes ISfi and 
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31/i respectively, one has a reference basis for comparison. In the 
absence of precise data on nuclear dimensions, it seems reasonable to 
assume that the sensitive region in volume corresponds to the chro¬ 
matin or perhaps to a single chromosome. Since the X-rays were 
neither monochromatic nor filtered, any attempt to arrive at a more 
accurate picture of the lethal process with the data at hand would be 
manifestly unjustifiable. 


DISCUSSION 

Just as the life of a cell demands the presence and functioning of 
several distinct structures, so death processes may be induced by the 
destruction or injury of any one or all of these necessary cell entities. 
Hence one would not anticipate a priori a simple killing curve. That 
many survival curves do possess an elementary shape is probably 
attributable to the fact that some cell structures are much more 
sensitive than others to lethal agents. In his studies with fern spores, 
Zirkle (1932) has shown that the nuclear elements are much more 
susceptible to alpha radiation injuries than the extranuclear ones, but 
that sufficient interference with the functions of the latter will also 
destroy life. In fact, Zirkle found that the shape of his survival curves 
could be completely altered by changing the orientation of the spores 
with respect to the source of radiation^—thus rendering the nuclei 
more or less accessible to the alpha particles. While such radical 
effects are not to be expected under the conditions of the present 
experiment, it is well to bear the possibility in mind when employing 
low voltage X-rays. 

The fact that germination—defined as the protrusion of micro¬ 
scopically detectable material from the spore—can withstand ex¬ 
tremely high dosages compared to the mechanism involved in growth, 
indicates that the two processes are quite dissimilar or at least proceed 
at very different rates. It is known that the continued growth of an 
organism requires a nucleus, although cytoplasm may live for some 
time without the benefit of such a structure. Increasing degrees of 
cytolysis under prolonged X-radiation might therefore account for 
decreasing mycelial development with exposure time. It is very 
probable, too, that germination phenomena are intimately associated 
with structural changes in the spore membrane. The question of 
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permeability assumes importance in connection with osmotic phe¬ 
nomena. That X-radiation renders cell membranes more permeable 
to many solutions has been established by several investigators (sec 
Kovacs, 1928). Diffusion coefficients likewise increase. 

Along with these considerations, it is interesting to read the recent 
papers of Nakashima (1926) and Rajewsky (1930) on the effects of 
ultraviolet light and X-rays in coagulating pure proteins in vitro. 
They obtained a rhythmic curve for the number of protein particles 
observable in the ultramicroscope when plotted as a function of dosage. 
Just how far such a picture may be applicable, if at all, to the data on 
Neurospora germination cannot be foretold. 

Recent studies by Stubbe (1933) on the variation of mutation 
rates in Antirrhinum majus with X-ray dosage may possibly have a 
bearing on this problem. Over a wide range of X-ray wave lengths, 
Stubbe found with increasing dosage that the mutation rate increased 
to a maximum, then decreased to a minimum, and finally increased 
again. 

SUMMARY 

1. When ascospores of Neurospora tetrasperma were irradiated 
with 11 kv. X-rays, the single spore cultures obtained displayed a wide 
variety of mutated forms. 

2. Control germinations of ascospores showed uniform behavior, 
ranging from 92-95 per cent germination. 

3. The shape of the survival curves was found to be a function of 
the criterion of death. The following criteria were used: germination, 
growth, production of mature ascospores, and the production of normal 
perithecia. 

4. The germination survival curve exhibited a rhythmic variation 
with dosage. Germination is not a significant criterion of death. 

5. Half-survival dosages for growth and ascospore production were 
approximately 30,000 and 20,000 roentgens, respectively. 

6. Multiple hit-to-kill relations were found on the basis of the 
quantum hit theory; no accurate analysis was possible. 

7. The studies indicate that ascospore death does not result from 
a single well defined reaction, but rather from the integrated effects 
of several deleterious processes initiated by the radiation. 
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Trypsin, like other enzymes, becomes inactive when in solution, 
and the rate at which this inactivation occurs depends upon the tem¬ 
perature, the pH, the concentration and the purity of the solution. 
Crude trypsin preparations have a maximum stability at about pH 5.0 
and the solutions become more stable as the concentration is increased 
(1). They are completely and permanently inactivated if heated 
above 70°C. Solutions of purified crystalline trypsin behave quite 
differently; they may be heated to boiling (2) (in acid solution) for a 
short time without permanent loss in activity; in slightly alkaline 
solution they become more unstable as the concentration of the enzyme 
increases. 

Since the crystalline preparation is apparently a pure protein it is 
possible to follow changes in the composition of the solution as well as 
changes in activity. A detailed study has been made of the inactiva¬ 
tion of solutions of crystalline trypsin at various pH ranges and at 
various temperatures below 37°C. in order to determine the nature of 
the reactions and to see whether the loss in activity under all conditions 
is proportional to the decrease in trypsin protein. 

Reversible Inactivation 

The inactivation of trypsin solutions may be either reversible or 
irreversible. Reversible inactivation is caused by raising the tempera¬ 
ture or by making the solution strongly alkaline. This reaction is 
practically instantaneous. The loss in activity is accompanied by 
the appearance of reversibly denatured protein which is insoluble in 0.5 
M salt solutions at pH 2.0 and which is inactive. The native active 
protein is soluble even in molar salt solutions at pH 2.0. This re¬ 
versibly denatured protein is in equilibrium (3) with the active native 
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protein and reverts to the active native protein if the solution is 
allowed to stand at pH 2.0 and at about 20°C. At C’C. the reversibly 
denatured protein becomes demonstrable in the solutions at about 
pH 8.0. As the alkalinity is increased from pH 8.0 to pH 12.0 the 
percentage of the trj^sin protein present in this reversibly denatured 
form increases rapidly and at pH 13.0 practically all of the enzyme is 
in the denatured form. This decrease in the active form of the enzyme 
present from pH 8.0 to 13.0 agrees quite closely with the decrease in 
the rate of digestion of proteins by trypsin in this range of pH. The 
formation of this denatured form of the enzyme accounts for the effect 
of the pH on the digestion of proteins with trypsin on the alkaline side 
of the optimum and offers experimental evidence to show that changes 
in the nature of the enz 3 Tne protein result in corresponding changes in 
activity. 


Irreversible Inactivation 

The rapid loss in activity at higher temperatures or in alkaline 
solutions, just described, is completely reversible for a short time only. 
If the solutions are allowed to stand the loss in activity becomes 
gradually irreversible. This irreversible inactivation is accompanied 
by the appearance of various reaction products the nature of which 
depends upon the temperature and pH of the solution. The loss in 
activity at various pH is shown in Fig. 1. On the acid side of pH 2.0 
the trjq)sin protein is changed to an inactive protein which is irreversi¬ 
bly denatured by heat. The course of the inactivation in this range 
of pH is monomolecular. The rate of inactivation decreases as the 
acidity becomes less and is very slow at pH 2.0. 

From pH 2.0 to about pH 9.0 the trypsin protein is slowly hydro¬ 
lyzed and decomposition products which are not precipitated by 
trichloracetic acid (non-protein nitrogen) appear in the solution. The 
amino nitrogen content increases but no ammonia is liberated. The 
kinetics of the irreversible inactivation in this range of pH agree with 
the assumption that the active native protein hydrolyzes the denatured 
form with which it is in equilibrium. The irreversible inactivation is, 
therefore, bimolecular in this range of pH and the rate of inactivation 
increases from pH 2.0 to pH 10.0 and then decreases. Since the 
inactivation due to the formation of inactive protein increases with 
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increasing acidity, while inactivation due to hydrolysis of the protein 
increases with increasing alkalinity, there is a pH at which the total 
inactivation is minimum. This point of minimum irreversible inacti¬ 
vation or point of maximum stability is at pH 2.3. 

On the alkaline side of pH 13.0 the reaction is similar to that in 
strongly acid solution and consists in the formation of inactive protein. 
No non-protein products are formed during the inactivation and the 
course of the reaction is monomolecular. The velocity of the reaction 
increases with increasing alkalinity. 



Fig. 1. Loss in activity of trypsin solutions at various pH 

In the intermediate range of pH, from 9.0 to 12.0, the trypsin pro¬ 
tein is partly hydrolyzed and partly changed to inactive protein so 
that the course of the reaction is represented by the sum of the bimo- 
lecular reaction, representing the hydrolysis, and the monomolecular, 
representing the transformation into inactive protein. As the pH is 
increased beyond 11.0 the percentage of active trypsin in solution 
decreases rapidly so that the rate of the reaction resulting in the 
hydrolysis of denatured trypsin becomes progressively slower. On 
the other hand, the reaction which results in the formation of in¬ 
active protein becomes progressively more rapid so that as a result 
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of these two reactions there is a second point at about pH 13.0 at 
which the rate of irreversible inactivation is a minimum. 

It was found in general that the decrease in activity under all the 
various conditions was proportional to the decrease in concentration 
of the trypsin protein although in strongly acid or alkaline solutions a 
small amount of inactive protein is formed at 30°C. which cannot be 
separated quantitatively from the trypsin protein. As a result the 
specific activity of the “active native protein” decreases during the 
experiment. In no case was the specific activity of the protein fraction 
higher than that of the original trypsin protein. There is, therefore, 
no indication that protein can be destroyed without a corresponding 
loss in activity. This result also shows that none of the split products 
of the trypsin protein has any appreciable activity. They are, there¬ 
fore, similar to the results of the experiments on the inactivation of 
pepsin (4). Equations have been derived which agree quantitatively 
with the results of the various inactivation experiments. 

EXPERIMENTAL RESULTS 

It was found that inactivated trypsin solutions could be quantita¬ 
tively analyzed for several definite fractions and these are referred to 
here as though they consisted of single compounds although they are 
probably mixtures of similar compounds. In order to describe the 
results in detail it is necessary to define these various fractions. The 
following terms have been selected for their brevity and are defined 
more or less arbitrarily in relation to the properties which distinguish 
the fractions during the analysis. 

Total Protein. —^Protein precipitable by 2.5 per cent trichloracetic 
acid at 7S°C. 

Total Native Protein. —^Total protein soluble in m/1 sodium chloride 
or sodium sulfate at pH 2.0. 

(а) '‘Inactive Native Protein." —Native protein insoluble in 
cold salt solution after heating in salt-free acid. This fraction has 
no tryptic activity. 

(б) “Active Native Protein” (Trypsin Protein). —Native pro¬ 
tein soluble in cold salt solution after heating in acid. This frac¬ 
tion contains the tryptic activity. 
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Total Denatured Protein. —Protein insoluble in m/1 sodiiun chloride, 
pH 2.0. 

(o) ‘‘Irreversibly Denatured Protein." —^Denatured protein 
which does not become soluble in molar salt solution after stand¬ 
ing in dilute salt solution at pH 2.0. 

(5) “Reversibly Denatured Protein." —Denatured protein which 
becomes soluble in molar salt solution after standing in dilute salt 
solution at pH 2.0. 

“Potentially Active Protein." —^Active native protein in the original 
solution plus reversibly denatured protein {i.e. protein which becomes 
active native protein in dilute salt-free acid during the analysis). 

“Inactive Protein." —^Protein insoluble in cold m/1 sodium chloride, 
pH 2.0 after heating in salt-free acid solution; equals inactive native 
protein plus irreversibly denatured protein. 

“Activity.” —^The activity of the solution determined under condi¬ 
tions which prevent reactivation of any inactive enzyme (10 a). It is 
measured by the rate of hydrolysis of a standard hemoglobin solution 
and expressed in terms of trypsin units [T. U.]“'’. One [T. U.]”** pro¬ 
duces in 1 minute at 35.5°C. in 6 ml. digestion mixture an amount of 
color-producing substance not precipitated by trichloracetic acid 
which gives the same color as 1 milliequivalent of tyrosine (10 b). 

“Potential Activity." —^The activity of the solution after standing in 
dilute salt-free solution at pH 2.0. Under these conditions the 
reversibly denatured trypsin reverts to the active native form. 

A. Reversible Inactivation of Trypsin in Alkaline Solution 

1. Effect of pH. —If solutions of purified trjq^sin are heated the 
trypsin is denatured but returns to its native condition upon cooling. 
The effect of alkali is similar to that of heat. If a series of solutions of 
tiypsin at 0°C. are titrated to increasingly alkaline reactions and sam¬ 
ples taken immediately into cold salt solution at pH 2.3, the denatured 
trypsin protein precipitates. The per cent of the protein in this de¬ 
natured form increases with the alkalinity until at pH 13.0 practically 
all of the protein is denatured and inactive. If samples are taken 
immediately into dilute salt-free acid so that the resulting solution is 
about pH 2.0 and these solutions are then allowed to stand for several 
hours, no precipitate appears upon the subsequent addition of salt 
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and the activity of these samples is the same as the original total 
activity of the solution. The results of an experiment of this kind are 
shown in Fig. 2 in which the per cent denatured protein, as determined 
by analysis, or the per cent loss in activity, as determined by activity 
measurements, is plotted against the pH. The figure shows that the 
fraction of the protein present in the denatured form is equivalent to 
the fraction of the activity lost. It will be noted that the fraction of 
active native trypsin remaining in solution decreases rapidly on the 
alkaline side of pH 8.0 and follows quite closely the pH activity curve 



Fig. 2. Loss in activity and formation of reversibly denatured protein in trypsin 
solutions at various pH and 0“C. 

of trypsin-casein digestion. The decrease in the rate of digestion of 
proteins by tiypsin as the alkalinity is increased beyond pH 8.0 is 
evidently due, therefore, to the formation of reversibly denatured 
trypsin. This result is direct experimental evidence confirming the 
hypothesis of Michaelis and Davidsohn (5) that the effect of pH on the 
activity of tr 3 q)sin is due to an equilibrium between an active and an 
inactive form of the enzyme which is shifted toward the inactive side 
as the alkalinity is increased. It had previously been found that the 
increase in the rate of digestion of proteins by trypsin (6) as the alka¬ 
linity increases from pH 5.0 to 8.0 agrees with the assumption that the 
trypsin reacts with the negative protein ions. It is difficult on this 
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basis to account for the subsequent decrease in the rate of digestion as 
the solution becomes increasingly alkaline. The effect of the pH on 
the ionization of the protein together with the present experiments, 
however, furnishes a complete picture of the pH activity curve of 
trypsin. In acid solutions trypsin is present in the active form but 
the substrate protein is almost entirely in the form of positive ions 
which are not digested by trypsin. As the alkalinity increases, the 
percentage of substrate protein present as negative ions increases, 
and therefore, the rate of digestion increases. As the alkalinity is 
increased still further the percentage of trypsin present in the active 
form begins to decrease. Since the rate of digestion is proportional 
to the product of the concentration of negative protein ions times the 
concentration of active trypsin there is a point at which this value 
and hence the rate of hydrolysis is a maximum and the position of this 
maximum will depend upon the substrate protein used. 

2. Effect of the Trypsin Concentration .—^The preceding experiments 
show that there is an equilibrium between active native and reversibly 
denatured trypsin which is shifted toward the denatured side as the 
alkalinity increases beyond pH 8.0 and towards the active side as the 
solution is made acid. In order to determine the nature of this equi¬ 
librium an experiment was carried out in which the concentration of 
trypsin was varied. A series of solutions of different concentrations of 
trypsin were cooled to 0°C. and sodium hydroxide added so that the 
final pH of all the solutions was 13.0. The solutions were then 
immediately analyzed for activity by the urea method (Anson and 
Mirsky (10 b)) and also by precipitation in 4/5 M sodium sulfate. Ali¬ 
quot portions of the alkaline solutions were diluted with hydrochloric 
acid, the pH adjusted to 2.3 and the activity of these solutions de¬ 
termined. The latter method determines the “potential activity” of 
the solution since under these conditions the reversibly denatured 
trypsin reverts to the active native form. The results of the experi¬ 
ment are shown in Table I, in which the loss in activity has been 
expressed as per cent of the original activity. The samples taken into 
acid show practically no loss in activity. The loss in activity is, there¬ 
fore, reversible. The table shows that the results by the urea method 
agree with those by the sodium sulfate method in concentrated solu¬ 
tions. In more dilute solution the sodium sulfate method cannot be 
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used since very low concentrations of denatured protein do not precipi¬ 
tate. The table also shows that the per cent denatured is independent 
of the original trypsin concentration. It follows, therefore, that the 
reaction—^native trypsin protein to reversibly denatured trypsin 
protein—is of the same order in both directions and may be expressed 
by the relation 



= Ki 


where A and D are the concentrations of potentially active and of 
reversibly denatured protein and (A — D) is native active protein. 


TABLE I 

Denaturation of Various Concentrations of Trypsin pH 13.0 at O’^C. 


Original concentration of active trypsin (active native protein), 
mg. N /ml . 

3.83 

0.765 

0.153 

0.0306 

0.0153 

Per cent loss in original activity 

Urea method. 

97 

96 

94 

91 

87 

Sodium sulfate method. 

95 

i 

92 

(77) 



Per cent original activity recovered 

Hydrochloric acid solutions. 

98.5 

96 

98 

99 

95 


Kd is the equilibrium constant of the reaction. Therefore, D = a A 
where 


Kd 

“ i + Kd 

isTd is a function of the pH of the solution and becomes larger as the 
alkalinity is increased. 

B. Irreversible Inactivation of Trypsin 

The inactivation of trypsin described in the preceding experiments 
is due to the formation of reversibly denatured protein which is in 
equilibrium with the active native protein. If the solutions are al¬ 
lowed to stand, secondary changes occur and the activity can no longer 
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be completely recovered. The velocity of these reactions and the 
nature of the products formed depend upon the temperature and the 
pH of the solution. The following experiments describe in detail the 
course of the reaction and the products formed under various condi¬ 
tions of pH and temperature. Equations have been derived which 
predict the course of the inactivation. 

1. Inactivation at 0°C. and pH 13.0 .—^The results of an experiment 
in which trypsin solutions at pH 13.0 were allowed to stand at 0°C. are 
shown in Table II. There is no change in the total protein but about 
four-fifths of the total native protein is changed practically instantly 
to denatured protein. At the same time more than four-fifths of the 


TABLE II 

Inactivation of Trypsin Solutions at pH 13.0 and 0°C. 


Time at OT. 

Total 

protein 

Total 

native 

protein 

Activity 

Total 

denatured 

protein 

Inactive 

protein 

Potentially 

active 

protein 

Potential 

activity 

Specific 
activity of 
potentially 
active protein 

min. 

N/ml. 

mg. 

N/ml. 

fnA. 


N/ml. 

mg. 

N/ml. 

mg. 

N/ml. 

mg. 



0 (control) 

5.96 

5.90 

1.00 

0 

0 

5.9 

1.02 

0.173 

0.083 

6.00 

1.13 

0.058 

4.77 

0.90 

5.0 

0.90 

0.180 

0.167 

6.10 

0.92 

0.056 

5.00 

0.70 

5.2 

0.88 

0.170 

0.50 


1.06 

0.098 

4.84 

1.20 

4.7 

0.80 

• 0.170 

1.00 

5.90 

0.85 

0.034 

5.05 

1.85 

4.0 

0.71 

0.169 

5.00 


0.78 

0.017 

5.12 

4.70 

1.20 

0.24 

0,200 

15.00 

5.90 

0.67 

0.0012 

5.23 

5.80 

0.10 

0.025 

(0.25) 


activity disappears and hence a small amoimt of inactive native pro¬ 
tein is probably formed.* The protein is now mostly in the form of 
reversibly denatured protein which changes rapidly to inactive protein 
and as a result the potentially active protein (active native protein 
present in the original solution plus reversibly denatured protein) 
decreases and has practically disappeared at the end of 15 minutes. 
At the same time the potential activity (activity present in the original 
solution plus activity recovered in acid solution) decreases in almost 
exact proportion so that the specific activity of the potentially active 

’ This inactive native protein could not be determined by direct analysis in this 
experiment since the solution was too dilute. 
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protein remains constant. The potentially active protein is deter¬ 
mined after heating the solution in dilute acid. This procedure de¬ 
natures and removes the inactive native protein, referred to above. 
The constant activity of the potentially active protein fraction shows 
that any irreversible loss in activity imder these conditions is accom¬ 
panied by a corresponding loss in either active native or reversibly 
denatured protein. 

2. Inactivation at pH 13.0 and 30°C .—If the preceding experiment 
is performed at 30°C. instead of at 0°C. the total denatured protein is 
changed to inactive protein very rapidly so that the potential activity 
drops to practically zero during the first few minutes while the poten- 


TABLE in 

Inactivation of Trypsin pH 13.6 (in !f/l Sodium Hydroxide) at 30°C, Solutions 
Acidified after Various Times. Toted Nitrogen = 7.35 Mg./Mt. 


Time at 30®C. 

Potentialljr 
active protein 

Amino 
ni trogen 

Non-protein 

nitrogen 

Total protein 

Potential 

activity 


N/ml. 

mg. 

N/ml. 

mg. 

N/ml 

mg. 

N/ml. 

mg. 


0 (acid control) 

6.35 

0.70 

1.0 

6.35 

1.08 

0 pH 13.6 

0,65 


1.8 

5.55 

0.051 

5 min. 

0.45 


2.2 

5.15 

0 

15 

0.45 

0.76 

2.6 

4.75 

0 

1.5 hrs. 

0,55 

0.90 

3.6 

3.75 

0 

3.5 


1.00 




5.5 ‘‘ 


1.06 

5.3 

2.05 

0 

16.0 ‘‘ 

0.45 

1.40 

5.6 

1.75 

0 


tially active protein drops to about 8 per cent of its original value 
(Table III). There is evidently a small quantity of protein which 
appears in the potentially active protein fraction but which is inactive. 
This protein (or a similar one) is also foimd in crude trypsin prepara¬ 
tions and cannot be separated from the trypsin protein by heat 
denaturation since it also reverts to the native form on cooling. It can 
be separated from the active protein by repeated fractionation but so 
far it has not been possible to find any quantitative method of separa¬ 
tion. On longer standing at pH 13.0 the total protein begins to de¬ 
crease and at the same time there is an increase in the amino nitrogen 
content of the solution due to hydrolysis of the inactive protein. 
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Kinetics of the Formation of Inactive Protein at pH 13.0 .—^The pre¬ 
ceding experiments have shown that at pH 13.0 there is an instantly 
reversible equilibrium between active native and reversibly denatured 
protein and that on further standing the reversibly denatured protein 
is gradually changed to inactive protein. Since D = a A {cf. p. 598) 
the reaction may be considered to go directly from native to inactive 
protein and the equation for the velocity of the reaction may be written 
for dilute trypsin solutions 


2 ^ ^ 

whence Ki = — log — in which A is the potential activity at the time 
t A 

t. This may be written 

2.3 1 

Xl = -— log - 

t JA 


where fA = —] i.e., the fraction of the total original activity present at 
A. 0 


the time t. The results of an experiment at pH 12.8 and 30°C. have 
been plotted in Fig. 3 where the fraction of the activity present has 


been plotted against the time. The In of — has also been plotted 

u 

against the time and the resulting curve is a straight line showing that 
the equation agrees with the experimental results. The value of the 
velocity constant is 0.364 per minute. The loss in activity in this 
experiment is less rapid than in the experiment reported in Table III 
in which much more concentrated trypsin solution was used. Theo¬ 
retically the per cent loss should be independent of the concentration 
and this is true below a concentration of about 1.0 mg. protein nitro¬ 
gen/ml. As the concentration is increased above this the reaction 
apparently proceeds more rapidly. This effect may be due to the 
difficulty of mixing the very concentrated alkali with the tr 3 q)sin 
solution. 

3. Inactivation in Acid Solution at 30°C .—On the acid side of pH 2.0 
the inactivation of trypsin is quite similar to that just described in 
alkaline solution. The result of an experiment under these conditions 
is shown in Table IV. There is no decrease in the total protein. The 
potential activity decreases slowly and there is a corresponding 
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Fig. 3, Decrease in activity of trypsin solutions at 30°C. and pH 12.8 


TABLE IV 


Inactivation of Trypsin in MjZ Hydrochloric Acid at 30°C. Total Nitrogen » 1,15 
Mg./Ml, Protein Nitrogen = 0,80 Mg.jMl. 


Time 

Total protein 

Potentially 
active protein 

Potential activity 

Specific activity 

hrs. 

N/tnl, 

mg. 

N/ml. 

mg. 



0 

0.80 

0.65 

0.107 

0.165 

1 

u 

0.58 

0.0940 

0.162 

3 

u 

0.49 

0.0730 

0.149 

S 

u 

0.49 

0.0680 

0.139 

8 

u 

0.47 

0.0650 

0.138 

12 

ft 

0.40 

0.0493 

0.123 

16 

« 

0.38 

0.0442 

0.126 

20 

i < 

0.35 

0.0340 

0.097 

24 

it 


0.0255 

0.085 

32 

u 


0.0204 

0.068 

48 


0.26 

0.0068 

0.026 
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decrease in potentially active protein so that its specific activity is 
nearly constant. There is again a small amount of protein which 
appears in the potentially active protein fraction but which is not 
active as in the case of the alkaline inactivation. The mechanism of 
the reaction consists in the formation of inactive protein from active 
native protein and may be represented by the same equation as that 
derived for the inactivation in alkaline solution. In acid solution no 
denatured protein can be detected but in any case the formulation of the 



Fig. 4. Loss in activity of trjqisin solutions in m/2 hydrochloric acid at SO^C. 


reaction is the same. The results of an experiment in m/2 hydrochloric 
acid at 30°C. are shown in Fig. 4. The fraction of the activity re¬ 
maining and the In of the reciprocal of this value have been plotted 
against the time in hours. The logarithmic plot is a straight line 
showing again that the equation agrees with the experimental results. 
The value of the inactivation constant K\ in this case is 0.001 per 
minute at 30°C. which is less than 1/300 of that at pH 13.0. 

4. Inactivation of Trypsin Jrom pH 2.5 to pH 10.0 at 3(fC. ^From 
pH 2.0 to 10.0 the inactivation of trypsin at 30°C. is accompanied by 
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hydrolysis of the protein and the appearance of non-protein com¬ 
pounds. No denatured protein can be detected in the solution. The 
results of an experiment at pH 8.0 and 30°C. are shown in Table V. 
The decrease in potential activity is accompanied by a corresponding 
decrease in total protein and an increase in non-protein nitrogen. In 
more strongly alkaline solutions there is an equilibrium between active 
native and reversibly denatured protein and it follows, theoretically, 
that there must be some reversibly denatured protein present in the 
solution at any pH although it may not be in sufficient quantity to 


TABLE v 


Inactivation of Trypsin at 3(TC. in n/10 Borate Buffer, pH 8.0 


Time 

Non-protein 

nitrogen 

Total protein 

Potential activity 

Specific activity 

hrs. 

N/ml. 

mg. 

N/mt. 

mg. 



0 

0.30 

0.85 

0.145 

0.170 

0.01 

0.34 

0.81 

0.141 

0.170 

0.1 

0.40 

0.75 

0.134 

0.179 

0.25 

0.48 

0.67 

0.116 

0.173 

0.5 

0.58 

0.57 

0.105 

0.184 

0.75 

0.62 

0,53 

0.088 

0.166 

1.0 

0.63 

0.52 


0.161 

1.5 

0.68 

0.47 

0.075 

0.160 

2.0 

0.69 

0.46 

0.075 

0.163 

3.0 

0.71 

0.44 

0.066 

0.150 

4.0 

0.75 

0.40 

0.058 

0.145 

5.0 

0.76 

0.39 

0.056 

0.144 

6.0 

0,77 

0.38 

0.051 

0.139 

23.5 

0.86 

0.29 

0.029 

0.100 


detect experimentally. It seems probable, therefore, that the inactiva¬ 
tion is due to digestion of the reversibly denatured protein by the 
remaining active native protein. This assumption is confirmed by 
the effect of temperature upon the rate of inactivation. The tempera¬ 
ture coefficient is higher than that usually found for the velocity of 
digestion and agrees approximately with the effect of temperature 
upon the formation of reversibly denatured trypsin (3). According 
to this mechanism the inactivation of trypsin in this range may be 
expressed by the following reactions. 
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1. Active native trypsin reversibly denatured trypsin. 

2. Denatured trypsin + active native trypsin -> non-protein nitrogen -H active 
native trypsin (catalytic reaction). 

The first reaction is instantaneous while the second is a time reac¬ 
tion. The final rate of the reaction depends first, on the degree of 
denaturation which is a function of pH and temperature (2 b, 3), and 
second, on the velocity constant which expresses the rate of digestion 
of the denatured trypsin by the active native trypsin. If it be 
assumed that the rate of digestion is proportional to the concentration 
of the active native trypsin as well as to the concentration of reversibly 
denatured protein D, then the rate of hydrolysis of trypsin is 

- K,D(A-D) 
a t 


where A equals the concentration of potentially active trypsin (active 
native plus reversibly denatured). 

Substituting for D its equivalent Z) = a .4 (p. 598) the differential 
equation becomes 

- — = A% a (1 - a) = A, 


which on intergration gives 


A„ 


A„A 



( 2 ) 


or: 


y \ =1 K^Aot where (2 a) 

JA Ao 

When /4 is plotted against t the resulting curve is a hyperbola assymp- 
totic to the t axis and intercepting the /4 axis at /4 = 1 - 
This equation, which is of the bimolecular type, was found to fit 
the experimental data for the inactivation of dilute solutions of tr)q)sin 
in the range of pH 4.0 to 10.0 to 30°C. Buffer solutions kept the pH 
constant during the inactivation period. 

Table VI shows the application of the bimolecular equation (2 a) 
to several cases. 
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Fig. 5 shows the plotted data for pH 9.0. The smooth curve was 
drawn through calculated values by substituting the average value of 

Ki Ao — 2.66/hour. For comparison the values for In — were 

/a 

plotted against time. The logarithmic curve shows clearly that the 
inactivation of trypsin at this pH is not a monomolecular process. 


TABLE VI 


Rale of Inactivation of Dilute Trypsin Solution in U/IO Borate or Phosphate Buffer 
Solutions of Various pll at 30°C. Initial Activity Ao = 0.0051 [T. U.]^l, 
Protein Nitrogen - 0.03 Mg./Ml. 



pH 9.6 


pH 9.0 



pH 7.0 


/ 

4 

KiAo 

1 //^ - 1 
t 

i 

fA 

KtAo 

/ 

4 

KtAo 

min. 

5 

0.76 

0.064 

hrs. 

0.1 

0.82 

2.20 

hrs. 

0.25 

0.93 

0.28 

10 1 

0.66 

0.052 

0.2 

0.63 

1.95 

0.50 

0.83 

0.40 

20 

0.53 

0.045 

0.3 

0.52 

3.07 

0.75 

0.81 

0.31 

40 

0.37 

0.043 

0.4 

0.47 

2.81 

1.00 

0.76 

0.32 

60 

0.25 

0.050 

0.5 

0.45 

2.44 

2.00 

0.64 

0.28 

90 

0.145 

0.065 

0.75 

0.35 

2.48 

4.00 

0.50 

0.25 

120 

0.12 

0.061 

1.00 

0.27 

2.70 

7.00 

0.37 

0.24 

180 

0.08 

0.064 

2.00 

0.16 

2.62 

13.00 

0.25 

0.23 

240 

0.06 

0.065 

3.00 

0.10 

3.00 

23.00 

0.15 

0.25 

Average 0.057/min. 


Average 2.66/hr. 


Average 0.26/hr. 




0.057 

0.03 


1.9/min. per 


2.66 

60 X 0.03 


1.5/min. 


Kt = 0.16/min. per mg. 
protein nitrogen/ml. 


mg. protein nitrogen/ml. 


per mg. protein nitrogen/ml. 


Ja ■* fraction of potential activity (original activity plus activity recovered in acid solution) 


5. Inaclivaiion of Trypsin from pll 10.0 to 12.0 .—From pH 2.5 to 
10.0 the inactivation of trypsin is due to destruction of protein and the 
appearance of non-protein nitrogen while on the alkaline side of pH 
12.0 the inactivation is due to the formation of inactive from active 
protein. The first reaction is bimolecular, the second monomolecular. 
In the intermediate range of pH between 10.0 and 12.0 part of the 
protein is digested and appears as non-protein nitrogen and part of it is 
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transformed to inactive protein. The pH at which the formation of 
inactive protein becomes significant depends on the temperature. As 



Fig. 5. Calculated and observed loss in activity of trypsin solutions in m/ 10 
borate buffer pH 9.0 and .^O’C. 


TABLE VII 


Inactivation of Trypsin pH 9.0 at 0°C. Total Nitrogen = 6.90 Mg./Ml. 


Time 

Non-protein 

nitrogen 

Total 

protein 

Inactive 
protein , 

Potentially 
active protein 

Potential 

activity 

Specific 

activity 

min. 

NJml. 

mg. 

N/ml. 
mg. 

N/nU. 

mg. 

N/ml. 

mg. 


n 

0 (control) 

0.80 

6.10 

0 

6.10 

1.04 

0.170 

0.083 

0.85 

6.05 

0.45 

5.60 

0.97 

0.173 

0.167 

0.90 

6.00 

1.00 

5.00 

0.87 

0.170 

0.500 

1,00 

5.90 

1.70 

4.20 

0.71 

0.169 

1.00 

1.20 

5.70 

2.50 

3.20 

O.S.? 

0.171 

5.00 

2.20 

4.70 

2.40 

2.30 

0.39 

0.170 

15.00 

4.05 

2,85 

0.50 


0.39 



the temperature is lowered the rate of digestion decreases more than 
the rate of formation of inactive protein and inactive protein accumu¬ 
lates in the solution; thus, at pH 9.0 and 30°C. no inactive protein 
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appears in the solution and the reaction is purely bimolecular, while 
at 0°C. inactive protein accumulates in the solution and the equation 
for the reaction is the sum of a mono- and bimolecular equation. The 
high temperature coefficient of the digestion reaction is due to the fact 
that the velocity of this reaction is determined by the equilibrium 
between active native and reversibly denatured protein. This 
equilibrium constant has a high temperature coefficient (3) and the 
equilibrium is shifted to the denatured form as the temperature is 
increased. The results of an experiment done at pH 9.0 and 0°C. are 
shown in Table VII. The total protein decreases rapidly and increas¬ 
ing quantities of non-protein nitrogen and inactive protein are formed. 
The potentially active protein, therefore, decreases more rapidly 
than the total protein. The specific activity of the potentially active 
protein remains constant. The mechanism of the reaction consists 
in the formation of inactive protein (as discussed under No. 1) which 
is a monomolecular reaction and the digestion of denatured protein 
(discussed under No. 4) which is a bimolecular reaction. The inactive 
protein is also subsequently hydrolyzed and its concentration, there¬ 
fore, goes through a maximum. This is a secondary reaction and does 
not affect the kinetics of the inactivation of the original trypsin solu¬ 
tion. The entire process, therefore, may be represented by the follow¬ 
ing differential equations. 

1. Active native trypsin —^ inactive protein (monomolecular); i.e., 


2. Active native trypsin reversibly denatured trypsin and active trypsin -f- 
denatured trypsin = non-protein nitrogen -f- active trypsin, (bimolecular); i.e., 

The rate of the complete process then is the sum of the rates of both reactions 

-~ = KxA+KxA* OT-^ ^KiU + KxAofl 
at at 


which on integration becomes 
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The values for Ki and can be obtained from two points. Approximate values 
for Ki and can be obtained as follows: 

The differential equation 


djA 
d t 


K,fA + KtAofl 


can be written as 

- = Kx + KiAoU 

a t 

Hence 


rfln/x 

dt 




as /x approaches 1.0 


and 


dln/x 
d t 


Ki 


as/x approaches 0. 


Thus, if the values of In l//x are plotted against the time, the slope of the curve at 
< <= 0 is fSTi + isfa Ao, and the slope at 1 = ck is Ki. 

The reaction is of this type at 30°C. even at pH 12.0. The results 
of an experiment at pH 11.7 and 30°C. calculated in this way are shown 
in Table VIII and are plotted in Fig. 6, The calculated values for 
t agree very well with the observed values. 

Efect of the Concentration of the Enzyme Solution .—The preceding 
experiments were carried out with dilute trypsin solutions and under 
these conditions the equation agrees very well with the experimental 
results. However, when more concentrated solutions were used the 
agreement was not satisfactory. The calculated bimolecular constant, 
Ki, decreases as the process proceeds indicating that something hap¬ 
pens which decreases the rate of digestion. A similar phenomenon is 
well known in relation to the kinetics of the hydrolysis of ordinary 
proteins by trypsin. In this case the reaction should be monomolecu- 
lar but actually the monomolecular constant decreases quite rapidly 
with time. This anomaly can be quantitatively explained by assum¬ 
ing that the products of digestion form an easily dissociated compound 
with the active enzyme; i.e., enzyme plus products equals enz 3 mie- 
products. The complex of enzyme and products is inactive but the 
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TABLE VIII 

Inactivaiion of Trypsin pH 11.7 at 30°C. Initial Activity = 0.0054 [T.U.]^_ 
Application of Equation 3 


i . AJa 

Ki (Ki + K2A,)fA 


0.012 K2A„ = 0.04 


Time 

/a 

K unimolecular 
Equation 1 

K bimolecular 
Equation 2 

Observed 

Calculated 

■'A 

min. 

5 

min. 

4.1 

0.84 

0.035 

1.2 

8 

10.0 

0.65 

0.054 

2.1 

10 

12.0 

0.60 

0.051 

2.1 

15 

14.0 

0.52 

0.043 

1.9 

20 

20.0 

0.45 

0.040 

1.9 

25 

24.0 

0.40 

0.037 

1.9 

60 

75.0 

0.137 

0.033 

3.1 

120 

125.0 

0.062 

0.023 

3.9 



Fig. 6, Calculated and observed values for the loss in activity of trypsin at pH 
11.7 and SO^C. 


per cent of the enzyme present in this form depends upon the concen¬ 
tration so that when a solution is diluted the compound dissociates 
and the enzyme again becomes active. This mechanism has been 
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checked experimentally for both the digestion of proteins by tiypsin 
(7) and for the inactivation of tiypsin (8) by the addition of the prod¬ 
ucts of digestion to the solution. Evidently such a mechanism 
would account qualitatively for the results observed in the present 
case since it would predict that the rate of digestion would become 
slower as the process continued and also that the effect would be more 
noticeable in concentrated than in dilute solution. If this mechanism 
is taken into account the inactivation of more concentrated tr)q)sin 
solutions may be satisfactorily calculated. The equation derived, 
however, contains two arbitrary constants so that the agreement with 
the observed data is not very convincing. The derivation is somewhat 
long and complicated and does not appear to be of sufficient interest 
to report in detail. 

Experimental Methods 
A. Material 

The material used was crystalline trypsin prepared from beef 
pancreas, as previously described (2 a). The trypsin was freed from 
ammonium salts either by washing the crystalline filter cake with a 
saturated solution of magnesium sulfate or by dialysis at 5°C. of a 
solution of trjq)sin against n/200 hydrochloric acid. The methods of 
analysis described apply only to such a solution of purified trypsin. 
They cannot be applied to solutions containing ammonium salts nor 
to solutions of crude trypsin containing large amounts of inactive 
protein. 


B. Methods of Analysis 

All values for protein materials are expressed in terms of their nitro¬ 
gen content. 

i. Total Protein Nitrogen. —5 ml. of solution added to 5 ml. 5 per 
cent trichloracetic acid and the suspension heated for 5 minutes at 
75°C. and cooled. The suspension is filtered on hardened paper and 
the precipitate washed with 2.5 per cent trichloracetic acid. The 
precipitate is then washed with water into a Kjeldahl flask and the 
total nitrogen determined (9). The supernatant solution may be 
analyzed for nitrogen and the protein nitrogen calculated by difference 
from this figure and the total nitrogen content of the solution. 
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2. Total Denatured and Total Native Protein, —1 ml. solution added 
to 4 ml. m/ 1 sodium chloride^ and centrifuged. 


Precipitate. Total denatured protein. 

Supernatant. Total native protein. 


3, Potentially Active Protein and Inactive Protein ,—Solution diluted 
to < 0.05 M salt concentration, titrated to pH 2.0, heated to 80°C. 

TABLE IX 


Denaturation of Trypsin pU 13.0 in N/2 Sodium Hydroxide at 0°C, Total Nitrogen 
= 7.3 Mg.lMl. 1 Ml. Added to 4 Ml. of Various Salt Solutions 


Salt solution 

Sodium chloride 

Sodium sulfate 

Magne¬ 

sium 

sulfate 

Concentration.. 

2.5 M 2.0 m 1.5 m 1.0 m 

m/1 3/4 m m/2 m/4 

m/8 m/16 

1/2 satu¬ 
rated 



Precipitate in all 


Total N in filtrate, 
mg . 

2.3 

2.3 

2.6 

3.8 

2.3 

2.1 

2.6 

4.1 

5.8 

6.9 

2.4 

N in precipitate by 
difference, mg.... 

5.0 

5.0 

4.7 

3.5 

5.0 

5.2 

4.7 

3.2 

1.5 

0.4 

4.9 


for 1 minute, cooled to 20°C. 1 ml. 5 m sodium chloride added to 5 ml. 
of solution and centrifuged. 


Precipitate. Inactive protein, 

= Irreversibly denatured plus inactive native protein. 

Supernatant. Potentially active protein. 

== Active native plus reversibly denatured. 


^ The value obtained for the total denatured and total native fraction by the 
method outlined is independent of the nature and concentration of the salt solution 
used over quite a wide range. This is shown in Table IX which summarizes the 
result of an experiment in which the denatured protein was precipitated by sodium 
chloride, sodium sulfate or magnesium sulfate. As the table shows, the quantity 
of denatured protein precipitated was the same for all three salts in the higher 
concentrations. The solutions were also analyzed by means of activity determina¬ 
tions as summarized in Table IV. 
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Activity Determinations 

The activity was determined by the hemoglobin method (10 h). 
Commercial hemoglobin was used. The specific activity of crystalline 
trypsin was found to be 0.17 [T. U.]^.p.n. 

The results were checked occasionally by other methods such as 
casein digestion or gelatin viscosity (11). The per cent inactivation as 
determined by the various methods agrees, as shown in Table X. 


TABLE X 

Comparison of Various Methods of Measuring Loss in Activity of Trypsin Solution 
pH 6.8 on Standing at 3(fC. 


Method 

Digestion 
of casein 

Viscosity 
of gelatin 

Hemoglobin 

Per cent activity lost after 0.5 hr. 

34 

37 

40 

1.0 

48 

48 

46 

2.0 hrs. 

52 

53 

55 

4.0 

63 

58 

58 

5.5 

69 

69 

66 


Methods 

1. Activity of the Solution .— 

(a) Urea Method. —1 ml. of the solution added to urea solution and 
the activity determined as described by Anson and Mirsky (10 a). 

{b) Precipitation. —1 ml. of solution precipitated with salt as for 
total denatured protein and activity determined on the supernatant 
fluid. 

The results of these two methods agree, as Anson and Mirsky have 
shown, and as has been confirmed during the course of this work. 

2. Potential Activity. —Solution diluted to < 0.05 M salt concentra¬ 
tion, titrated to pH 2.0, kept at 20°C. for 1 hour and activity deter¬ 
mined. 

Most of the analytical determinations reported in this paper were 
done by Miss Margaret McDonald. 

SUMMARY 

1. The rate of inactivation of crystalline trj^sin solutions and the 
nature of the products formed during the inactivation at various pH 
at temperatures below 37°C. have been studied. 
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2. The inactivation may be reversible or irreversible. Reversible 
inactivation is accompanied by the formation of reversibly denatured 
protein. This denatured protein exists in equilibrium with the native 
active protein and the equilibrium is shifted towards the denatured 
form by raising the temperature or by increasing the alkalinity. The 
decrease in the fraction of active enz)nne present (due to the formation 
of this reversibly denatured protein) as the pH is increased from 8.0 to 
12.0 accounts for the decrease in the rate of digestion of proteins by 
trypsin in this range of pH. 

3. The loss of activity at high temperatures or in alkaline solu¬ 
tions, just described, is very rapid and is completely reversible for a 
short time only. If the solutions are allowed to stand the loss in 
activity becomes gradually irreversible and is accompanied by the 
appearance of various reaction products the nature of which depends 
upon the temperature and pH of the solution. 

4. On the acid side of pH 2.0 the trypsin protein is changed to an 
inactive form which is irreversibly denatured by heat. The course 
of the reaction in this range is monomolecular and its velocity increases 
as the acidity increases. 

5. From pH 2.0 to 9.0 tr)q)sin protein is slowly hydrolyzed. The 
course of the inactivation in this range of pH is bimolecular and its 
velocity increases as the alkalinity increases to pH 10.0 and then 
decreases. As a result of these two reactions there is a point of 
maximum stability at about pH 2.3. 

6. On the alkaline side of pH 13.0 the reaction is similar to that in 
strong acid solution and consists in the formation of inactive protein. 
The course of the reaction is monomolecular and the velocity increases 
with increasing alkalinity. From pH 9.0 to 12.0 some hydrolysis 
takes place and some inactive protein is formed and the course of the 
reaction is represented by the sum of a bi- and monomolecular reaction. 
The rate of hydrolysis decreases as the solution becomes more alkaline 
than pH 10.0 while the rate of formation of inactive protein increases 
so that there is a second point at about pH 13.0 at which the rate of 
inactivation is a minimum. In general the decrease in activity under 
all these conditions is proportional to the decrease in the concentration 
of the trypsin protein. Equations have been derived which agree 
quantitatively with the various inactivation experiments. 
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ON NORRIS’ THEORY FOR THE SHAPE OF THE 
MAMMALIAN ERYTHROCYTE 

By eric ponder 

(From the Department of Biology, Washington Square College, New York University, 

New York) 

(Accepted for publication, November 22 , 1933) 

Norris in 1882, Rice in 1914, Gough in 1924, and several others, have 
commented on the similarity between the shape of the mammalian red 
cell and that of the “myelin forms” which are assumed by droplets of 
lecithin in water. These latter are described as circular discs, dumb¬ 
bell-shaped in cross-section, and varying in diameter from Sfjt to 10/t. 
They are apparently produced by physical forces at work at the 
interfaces between the lecithin droplets and the fluid surrounding them 
and Norris, Rice, Gough, and others have suggested that the biconcave 
shape of the mammalian red cell is brought about in a similar way. 
Thus, as Gough puts it, there are two sets of forces operating, the 
first of which tends to produce contraction of the surface and the 
spherical form, and the second of which tends to bring about expansion 
of the surface and a very flattened form: balanced against each other 
these two sets of forces maintain the typical discoidal form. 

At one time (1926) this idea was very attractive to me, and with the 
help of Professor C. G. Darwin I tried to put it into mathematical 
form. The result was, and is, disappointing, but it is suggestive, and 
so I have decided to publish it, not because it means very much as it 
stands, but in the hope that by an elaboration or modification of the 
idea Norris’ theory may ultimately be expressed in quantitative terms. 

I 

The red cell, being invested with a membrane and containing fluid 
inside, is presumably in hydrostatic equilibrium; i.e., 

P = r(l/p, -H i/p,) (1) 

where P is the net pressure acting on a component of membrane which 
has tension T, and where pi and pz are the principal radii of curvature 
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of the element. It is clear that if the tension is uniform we shall need 
to suppose different pressures applied at different points along the 
membrane if we are to get the required discoidal form. These could 
be evaluated by finding pi and pi graphically from a drawing of a 
cross-sectional view of the cell, but it simplifies matters considerably 
if we replace this cross-sectional view by a figure constructed in the 
following way. 


A- 


Fig. 1. To illustrate the method of approximately outlining the red cell in cross- 
section, as explained in the text. 

Draw a line AB whose length (conveniently 10 scale units) represents 
the diameter of the cell. With centers 0, P, draw two circles whose 
radii = ri = 0.4 = OB are each half the greatest thickness of the cell. 
With centers on a line CD, bisecting AB, draw two other circles which 
touch the first two without cutting them and which at the same time 
pass through the points on CD corresponding to the least thickness of 
the cell. Let the radii of these latter circles be fj. The figure bounded 
by the arcs of the smaller circles outside the points of contact and by 
the arcs of the larger circles inside the points of contact then very 
closely approximates to the form of the cross-section of the cell, at 
least in the case of all animals for which we have measurements (see 
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Fig. 1). The form of the figure, moreover, is determined by only 
three measurements, viz. the diameter, the greatest thickness, and the 
least thickness, and if we have n/n — k, the value of this constant is 
approximately 5.3 for the cells of man, 7.9 for the cells of the rabbit, 
and 3.1 for the cells of the sheep (see Ponder, 1930). If this approxi¬ 
mation to the cross-section revolves about CD, a solid of revolution 
which approximates to the erythrocyte is formed, and it is unnecessary 
to point out that not only can pi and P 2 be easily found for all points on 
the surface, but that the volume and area of the resulting solid of 
revolution are easily calculable. 

Taking the erythroc)d;e of man drawn on such a scale that the semi¬ 
diameter = 10 units, and evaluating the curvatures, we get the follow¬ 
ing figures, which, of course, are to be regarded as approximations 
only. 


Units 

PI 

pi 

P 

0-6.1 

-15.2 

-15.2 

-0.13 

6.1 


Point of inflexion 


7.0 

+2.8 


+0.36 

8.0 

+2.8 

+28.2 

+0.40 

9.0 

+2.8 

+ 14.2 

+0.43 

10.0 

+2.8 

+10.0 

+0 46 


Plotting the values of P, we get Fig. 2, Curve a, which, although it 
does not show the values of P accurately, shows them to the same 
degree of approximation as the above system of circles provides us 
with a figure of the shape of the cell. In the same figure. Curve b, 
I have dotted in what is probably more nearly the correct curve. It 
thus appears that we would have to imagine a pressure directed out¬ 
wards over the equatorial regions of the cell, and a smaller pressure 
directed inwards over the biconcavities, if we were to account for the 
biconcave shape in this way. 

The idea that such pressures really exist is, of course, untenable, 
but the “outward pressure over the equatorial regions” is the same as 
Gough’s idea of an expansive force (which Gough even went the 
length of attributing to an oriented repulsion of the pigment molecules 
in the cell interior). The reader will easily grasp the similarity if he 






620 


MAMMALIAN ERYTHROCYTES 


imagines a spherical balloon subjected to an outward pressure along 
the equator. The volume must remain constant, and so the extension 
of area is accompanied by the sphere becoming somewhat like a 
spheroid, and the more eccentric this spheroid is, the greater is the 
area/volume ratio. But, even when this eccentricity is very great we 
can still get a greater extension of area for the same volume by allow¬ 
ing the flattish surfaces of the spheroid to become biconcave; in fact, 
we can get almost any area/volume ratio we like; i.e., the form of the 
body can be so adjusted as to allow for almost any degree of expansion 


P 



Fig. 2. Ordinate, arbitrary pressures acting normally to the membrane: ab¬ 
scissa, unit distances along the semidiameter. The full curve shows the figures 
given in the table of the text: the dotted curve gives the values obtained by an 
analysis of the curve which represents the actual cross-section of the cell. 

of the area without any alteration of volume. But in so manipulating 
the form, we have to remember the condition for hydrostatic equi¬ 
librium, and it is clear that the best form will be one which has 
the desired area/volume ratio and which has at the same time a 
minimal value for 

/(l/pi-l-l/p,)dp (2) 

Let us see what happens when we try to put these ideas into math¬ 
ematical form. 
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We require 

I iry^ dx ^ constant 
/27r>vlH-3^ = constant 
and / (1/pi + 1/pi) dp a minimum 

Converting pi and p 2 to Cartesians, and varying y, 

! / (j-^+A;'+wVr+>)j» 

j \ 1 + y (1 + y)’ Vi + ^/ 


+ «y 


= r _±( _z_\ jy_. ay . T 

[i + ^ dx\i+y^J ^ (1 + jr>)» ^^ vrTT'Jo 

Sy l~( —-—^ H- - - \- — ( —^ + 2Xy + n \/l + f 

^ \dx^ \l + fj I + f dx\{l + f)»J ^ ^ ^^ ^ ^ 


-'‘z( 


V1 + 


The differential equation is 

d ( y 2yyy 


— I y ^ 2.vyy 1 y ^ 

rf* 1 1 + y* “ (1 + y2)*[ 1 + y» Ja: 


+ M V 1 + y^" - /I 


I_ 2yyy \ 

y» Ja: \^(1 + y«)»y 


If >> = 0 when x = ajo, a;i the boundary terms go out, and the differen¬ 
tial equation becomes 

(Ti^ + VtV? ” ® 

Putting 1 + y* = and w = u.y, successively, this reduces to 

(J — IfjLwy — Xy* = a constant 

Call the constant 0] then 


Xy» (1 -H y*) + ny Vl + y> = 9(1 + y*) + 1 
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This has to be solved to give the required form. If at x = * 0 , * 1 , y — 
0, y = X, then 0 = 0 and the solution is a sphere. The expression 
thus verifies. If y is finite at a: = Xo, xi call it ±a. Then we have a 
body with points on it. Proceeding with this case, — 1 — 1/0. 
For a* > 0, 0 < 0 and — 1/0 > 1, so 0 lies between 0 and — 1. 

If y is real when y is real, y* > 0/(/i* + X); i.e., for a real form we 
require > X. Further, when y = x,y^ = 0/X, and for this to have 
real roots X must be negative for 0 is negative. 

The values of the constant being thus limited, the differential 
equation may be solved in the following way. Arbitrary values within 
the proper limits, arc given to n, X, and 0. Values of y are then in- 



Fig. 3. The cross-section of the solid of revolution described in the text 

sorted in the differential equation and y solved for. We can then 
tabulate y = fiy) and x = f(y) and can plot values of x against y. 
From this plotted curve we then obtain 

* ” Jo 

by graphical integration between suitable limits. 

The best result which can be obtained is shown in Fig. 3, and for 
this curve the constants have the values: X = —0.5, n = 0.72, 0 = 
—0.8. This curve, if rotated about its minor axis, gives the solid of 
revolution which is of the form required by the initial conditions. I 
scarcely need to point out that the form is suggestive of the shape of 
the mammalian erythrocyte. 

But suggestive as the form may be, it represents an impossible 
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state of affairs, for it has points on its surface, and at these points the 
tensions would be infinite. If one feels inclined to round off the points, 
one has to remind one’s self that by doing so one brings the whole 
proof to the ground. It is for this reason that I refer to the result as 
disappointing and meaning very little. But the fundamental reason¬ 
ing is sound: what has gone wrong is that we have had to put y = 0 
when X = Xa, iCi in order to obtain the differential equation. What we 
need to do is to put, not two points, but two finite curvatures on the 
surface, or, better, to put four points on the surface, one about the 
middle of each quadrant of arc, and then to replace them by finite 
curvatures. In fact, we have to deal with a real membrane with physi¬ 
cal properties instead of with a mathematical surface. I am assured 
that this is beyond the powers of existing analysis. Nevertheless the 
reader has only to refer to Section I in order to see that there is a 
problem to be solved, and to re-read Section II in order to see that its 
contents represent an abortive attempt to solve it. 

Ill 

Supposing Norris’ theory to be substantially correct, it is interesting 
to consider the kind of system to which it could apply. The theory 
demands only one condition, viz. that the surface of the cell shall 
exceed the minimum surface for the enclosed volume, and therefore 
there must be an “expansive force” operating somewhere. This 
force is often referred to as a “force of negative surface tension” with¬ 
out any clear idea as to how it is developed; we shall therefore con¬ 
sider it in some detail. 

1. Consider first a drop of a homogeneous fluid in another homo¬ 
geneous fluid. Surface tension forces act at the interface so as to 
bring the surface to a minimum for the enclosed volume, and the form 
of the drop is that of a sphere. The surface tension forces, however, 
are opposed by forces within the drop, which suffers a certain com¬ 
pression as a result of the operation of the surface forces; the latter are 
therefore opposed by an expansive force acting equally in all directions, 
and due to the fact that the molecules of the drop resist compression. 
The most familiar evidence of the existence of this expansive force 
is that the volume of the drop increases if the surface tension falls, and 
that the vapor pressure inside the drop exceeds that outside it by 2aIr. 

2. Next take an imaginary case in which the molecules of the drop 
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repel each other in one direction more than in another. The result 
of such a state of affairs would be a greater pressure in one direction 
than in another, e.g. along an equator, and a flattening of the droplet 
with an increase of the surface above the minimum for the enclosed 
volume. Here again the forces of surface tension would be operating 
against an expansive force generated by a repulsion of the molecules 
of the drop. The difference between this case and that immediately 
above would be that the surface would be the minimum for the en¬ 
closed volume in case 1, and in excess of the minimum in case 2, but 
this would not be due to the latter system being subjected to a force 
essentially different from that acting in the former. The expansive 
force would be present in both, but in the latter it would act to a 
greater extent in one direction than in another, while in the former it 
would act equally in all directions. 

The idea that the molecules in the cell interior repel each other to a 
greater extent in one direction than in another is precisely Gough’s 
modification of Norris’ theory. It is not impossible in itself, for quite 
a number of fluids exist in a mesomorphic state. The mesomorphic 
state, however, is usually most manifest at surfaces, and so we can go 
on to consider the next case. 

3. Suppose that we have a cell membrane investing a homogeneous 
drop, the whole floating in a homogeneous fluid. The molecules of the 
membrane are constrained to remain in its plane, and, if they repel 
each other, the repulsive force will act in this plane. The force of 
surface tension, acting at the interfaces at the inside and at the out¬ 
side of the membrane, will tend to produce the smallest surface for the 
enclosed volume, but will be opposed by the repulsive, or expansive, 
force just mentioned, the nature of which is essentially the same as it 
is in cases 1 and 2. Equilibrium will be reached when the surface 
forces are balanced by this expansive force, and at equilibrium the 
free energy will be at a minimum, although the surface may not be the 
minimum for the enclosed volume.^ 

‘ This idea can be illustrated by a simple analogy. Consider a steel spring. 
Work has to be done to extend it, and also to shorten it, and in its uncompressed 
and unexpanded state the free energy is at a minimum. The fact that minimal 
free energy corresponds to a certain length of the spring is determined by the 
structure of the metal, and the theory which determines what this length must be 
is one which deals with molecular structure. 
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In each one of these cases the expansive force has the same origin, 
viz. molecular repulsion in the body of the drop or in its surface mem¬ 
brane, and the only difference between case 1 and cases 2 and 3 is 
that in the latter the force does not act equally in all directions. It is 
exceedingly unfortunate that this expansive force has come to be 
known as a force of negative surface tension, when the only thing 
which it has to do with surface tension is that it opposes the latter. 
The term “negative surface tension” has led to a confusion of ideas 
which, in turn, leads to most misleading results, as an extreme instance 
of which I may mention Volkonsky’s revision of the physical theory of 
phagoc 5 dosis (see Volkonsky, 1933, and Mudd, 1933). 

Norris’ theory thus demands that there be a mutual repulsion be¬ 
tween the molecules situated in the red cell membrane. It is not 
difficult to see how such a repulsion might arise, for hydrocarbons 
with a polar group directed towards the water (COOH groups, for 
instance, as in lecithin) might be mutually repulsive. Reference to 
Section I and to Fig. 2, will show, however, that the tensions along 
the membrane must vary from place to place (if the pressures are the 
same), and so we find that Norris’ theory also demands that the (molec¬ 
ular) structure of the membrane shall not be homogeneous. This is 
tantamount to saying that the membrane has a “liquid crystal” 
structure. If so, the membrane cannot be made up of a homogeneous 
fluid.* 

This hypothesis, viz. that the red cell membrane has a special molec¬ 
ular structure, is not one which can be rigorously tested at the present 
time. Some light may be thrown on it, however, by considering the 
conditions under which the special shape of the erythrocyte is changed. 

(a) When the cell is acted on by lysins the molecular structure of 
the membrane is presumably broken down. Under such circum¬ 
stances the cell always becomes spherical. (For a description of this 
and other changes in form, see Ponder, 1934.) 

* This idea, as opposed to the idea that the membrane is a region in which 
monomolecular films exist, is quite in keeping with the little which we know about 
the structure of cell membranes. FaurS-Fremiet, in particular, has shown that the 
“petaloid” pseudopodia of lymphocytes are composed of films not unlike those of 
soap films, in which the molecules are arranged in groups of varying thicknesses, 
and not in monolayers. A complicated “liquid crystal” structure of the cell 
membrane is therefore less unlikely than it appears at first sight. 
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(b) When the medium surrounding the cell is treated with lecithin, 
the cell becomes spherical without change in volume. The reason for 
the change in shape is obscure, but one cannot help associating it with 
the theory that the discoidal shape is due to a repulsion of lecithin 
molecules in the membrane. 

(c) If the cell is in saline and is placed between a slide and a closely 
applied cover-glass, it becomes spherical without change in volume. 
Under such circumstances a pressure is developed, because the two 
glass surfaces are urged together with a force = Ivr^a/d where r is 
the radius of the drop between the plates which are distance d apart, 
and where a is the surface tension (liuid-air) of the liquid. Numeri¬ 
cally the effect is about the same as that which would be produced by 
placing 150 gm. on the cover-glass. Again the effect is obscure but 
it is at least possible that such a pressure might affect a molecular 
configuration in the cell membrane. 

(d) The form of the cell is also largely dependent on the presence of 
the plasma proteins in the fluid bathing it. If these are removed, 
crenation occurs, and if the proteins are present the cells will not 
become spherical between two glass surfaces. In this respect at least 
the red cell is similar to the myelin forms of lecithin, the shape of which 
is also largely dependent on the nature of the fluid surrounding them. 

These observations, of course, prove nothing, but they show that 
the shape of the cell may be modified by factors such as might be 
expected, on a priori grounds, to modify a special molecular configura¬ 
tion within the membrane. At the same time it is interesting to 
observe that factors which might be expected to change the surface 
tension at the red cell surface have no particular effect on the shape. 
The shape is essentially the same, for instance, in isotonic citrate as in 
plasma, and is not materially altered when the cells are suspended in 
solutions of surface-active lysins (at least up to a short time before 
hemolysis), or in solutions of non-lytic surface-active substances, such 
as emulsin or the brominated saponins. 

IV 

The fact that we cannot find, from first principles, a formula for the 
surface of the red cell or for the curve which bounds its cross-section 
need not deter us from finding an empirical one. This can be done by 
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plotting the cross-section between the limits of -1 -t and — x, and then 
applying Fourier analysis. The short method given by Whittaker 
and Robinson (1929, p. 271) is sufficiently accurate. 

Owing to the symmetry of the curve, the coefficients of the sine 
terms are zero, and the series turns out to be 

U = + ai cos * cos 2x -|- Oi cos 3* 


The following table gives the values for the coefficients for the cells of 
man, the rabbit, and the sheep, these being the only animals for which 
we have fairly reliable measurements. 



do 

di 

d« 

di 

Man. 

33.7 

-1.0 

-16.2 

-9.5 

Rabbit. 

30.3 

-4.0 

-10.2 

-8.5 

Sheep. 

49.0 

-8.0 

-20.3 

-9.5 


The curve given by this series fits the cross-section of the cell almost 
to perfection. The empirical expression has, of course, neither 
theoretical significance nor immediate practical importance, nor does 
it offer any advantage in the calculation of either area or volume, but 
it may prove to be exceedingly useful when the time comes for a 
detailed investigation of changes in shape of the red cell under various 
conditions, especially as the standard errors of the Fourier coefficients 
are known if the standard errors affecting the data are known, as they 
would be in practice. 

SUMMARY 

This paper is concerned with an attempt to put Norris’ theory for 
the shape of the mammalian erythrocyte into a quantitative form. 
The theory supposes that the biconcave form of the cell is brought 
about by an expansive force enlarging the surface, and is also supposed 
to apply to the formation of the myelin forms of lecithn. The attempt 
is not successful, and is published merely because it is suggestive. 
Various points regarding the shape of the cell, the curvature of its 
surface, and the kind of system to which Norris’ theory might be 
supposed to apply, are discussed, and an empirical formula is given 
for the curve which bounds the cross-section of the cell. This empiri¬ 
cal formula describes the shape almost to perfection. 
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Considering the enormous amount of work which has been done in 
an effort to unravel the physiology of muscle it is surprising that so 
little is known concerning its physicochemical organization, which is 
quite as fundamental to an understanding of its function as is its histo¬ 
logical structure. According to our present imperfect understanding, 
as outlined particularly by Mond and Netter (1930,1932), the potas¬ 
sium in muscle is largely inside the fibres where it is 30 to 40 times as 
concentrated as in the tissue spaces. All of this potassium inside the 
muscle must be in solution if the osmotic pressure inside is equal to 
that outside (Hill and Kupalov, 1930). When the muscle is injured or 
dies potassium escapes. The potassium inside, K<, is in equilibrium 
with the potassium outside, K«, so that when K» is increased K* also 
increases and when K# decreases K,- likewise decreases. The equi¬ 
librium concentration of potassium outside is 13 mg. per cent. The 
muscle is believed to be permeable to cations as small as potassium 
but impermeable to sodium, which, because of its hydrated ion, is too 
large to pass the pores of the membrane. In consequence of its nega¬ 
tive charges the membrane is impermeable to anions. The chloride 
of the muscle and an equivalent amount of sodium is believed to be in 
the tissue spaces because it is so readily removed by isotonic sugar, 
while the excess of sodium over chlorine is possibly combined in the 
surface of the fibres in some way. According to the theory of Mond 
and Netter the diffusion of potassium across the membrane in either 
direction as a result of a disturbance of the equilibrium will take place 
by exchange with hydrogen ions. Or, the potassium might diffuse in 
or out as undissociated KOH as suggested by Osterhout’s theory (1930). 
On either theory the potassium change and the acid-base change 
should be equal. The following experiments were designed to test 
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this relationship and to learn more concerning the changes in potas¬ 
sium concentration which can be produced experimentally. 

The general scheme of the experiments as finally worked out was to 
soak thin sartorius muscles of the frog in isotonic solutions of varying 
compositions and to analyze matched muscles before and after the 
treatment for their contents of potassium and other ions. We pre¬ 
ferred this simple technique, after trying the perfusion method of 
Mond and Netter, because it gave, in our hands, more uniform results 
and was much easier and quicker. Diffusion was of course slower, 
but the changes produced in 5 hours are easily measurable, and it is 
difficult to perfuse two frogs in a comparable manner, to be sure that 
every muscle in the frog is equally irrigated, and to know the exact 
weight of muscle tissue involved in the exchange of ions. 

Method of Analysis 

The muscles were placed in small covered platinum crucibles in an electric 
oven overnight and were thus reduced to a white ash. Known amounts of potas¬ 
sium submitted to the same procedure showed no loss. The oven temperature 
did not exceed 6S0®C. and attained this figure only after 3-4 hours. This is the 
method recommended by Ernst and Barasits (1929). The analysis of the ash 
was carried out by the platinic chloride precipitation as described by Shohl and 
Bennett (1928). 

Two drops of n/1 hydrochloric acid and 0.3 cc. platinum chloride (10 per cent) 
were added to the ash in the crucible and mixed thoroughly, 5 cc. absolute alcohol 
were added, and the mixture was allowed to stand for 20 minutes. Then the 
crucible was transferred to a Jena glass filter funnel in a suction flask and inverted. 
Precipitate, filter, and crucible were washed on the filter four or five times with 
alcohol saturated with K 2 PtClfi, and then three or four times with 10 per cent 
KCl, also saturated with KjPtCU. The funnel was transferred to a clean suction 
flask, and the funnel and crucible washed with 10 or 15 cc. of hot water; then 
with 1 cc. of 2n KI and more hot water, the final volume being 25 or 30 cc. The 
flask was incubated at 65°C. for 10 or 15 minutes and titrated hot with Na 2 S 203 
(about 0.005 m) from a micro burette calibrated to 0.02 cc. The technique was 
checked by an analysis of a known solution each day. The analyses were not 
continued until an accuracy of 2-3 per cent was attained. 

Muscles were weighed on a torsion balance before and after immersion. Un¬ 
less otherwise stated the weight changes during immersion were not important 
and concentrations were calculated per gram of initial wet weight. Irritability 
was measured in most cases after immersion in the experimental solution. This 
was done by determining the minimum primary current in an induction coil which 
would just cause a contraction. The coil distance was kept at zero and the results 
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are expressed as reciprocals of the primary current or ohms/volt. The current 
was regulated by a variable resistance. Only at very low resistances did this 
method lead to difficulties on account of the variable electric resistance of the cell 
itself. 

The pH of the solutions was checked by use of a quinhydrone electrode using 
0.05 M potassium phthalate as standard. 

The muscles were handled by a thread tied to the tendon. They were exposed 
to 100 cc. of the solutions in 250 cc. Erlenmeyer flasks in a water bath at 22®C. 
The flasks were fitted with two-hole rubber stoppers and two tubes, one reaching 
to the bottom for use in equilibrating the mixture with 5 per cent CO 2 or other 
gas mixture. The CO 2 was measured into a spirometer from a burette and the 
final mixture checked by gas analysis. Unless stated to the contrary all the solu¬ 
tions contained m/ 150 phosphate buffers, CaCU 0.02 per cent, and NaCl 0.65 per 
cent. The NaCl content was decreased to compensate for large amounts of KCl 
or NaHCOs added to attain the desired pH in the presence of CO 2 . 

RESULTS 

Normal Variations in Potassium Content ,—Over a thousand sartorius 
muscles have been analyzed for potassium during this investigation.^ 
Some of these analyses were done in matched untreated muscles 
merely to test the accuracy of the technique. In one series, eleven 
pairs of semitendinosus muscles were analyzed. The results for two 
of these pairs differed by 15 and 23 per cent respectively but in the 
remainder the maximum difference between any two matched muscles 
was 6.2 per cent and the average difference was 3.2 per cent. In a 
second series of fifteen muscles one pair differed by 24 per cent but the 
maximum difference in the other fourteen pairs was 8 per cent while 
the average difference was 2 per cent. An occasional analysis is there¬ 
fore erroneous, or an occasional pair of muscles widely divergent. 

The potassium content of 89 sartorius muscles was 330 db23 (prob¬ 
able error) mg. per cent (mg. K per 100 gm. wet weight of muscle), 
while 45 other leg muscles, mostly thigh muscles, gave an average 
value of 316 ±23 mg. per cent. The average of all 134 analyses was 
325 mg. per cent. 

No significant seasonal variations could be established between the months 
of October and May nor any constant differences between sartorius, gastro¬ 
cnemius, etc. Nevertheless we believe that there are important differences be- 

^ All the analyses were made by the junior author. We are indebted to Miss 
Margaret Erlanger for some preliminary analyses. 
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tween different muscles in the same frog even though the differences are not in 
the same direction in all frogs. Thus in five frogs, both sartorius, both semi- 
tendinosus, and both semimembranosus muscles were analyzed. The average 
deviation from the sartorius value in the same frog was 24 per cent, while the 
average difference between the two muscles of each pair was only 2 per cent, as 
stated above. It is not therefore justifiable to analyze a gastrocnemius muscle 
as a control for a sartorius muscle. These results indicate that a pair of sartorius 
muscles must be used for each experiment, one for each of two solutions to be 
compared or else one for the initial potassium content and the other for the change 
produced by the experimental procedure. 

Usual care was exercised in dissecting the muscles to avoid injury and the dis¬ 
section was carried as close as possible to the origin. Nevertheless there seemed 
a possibility that a large fraction of the potassium interchange between muscle 
and solution might take place at the ends of fibres cut across at the pelvic end. 
To test this possibility six pairs of sartorius muscles were cut in halves in the mid- 


TABLE I 



K 

Pelvic half 

Tibial half 

Controls. 

mg. per cent 

317 

324 

mg. per cent 

334 

321 

After 5 hrs. in Ringer^s... 



die, the two pelvic and the two tibial ends from each pair being analyzed together. 
Six other pairs were similarly treated after soaking for 5 hours in Ringer^s solution. 
The results are shown in Table I. 

The differences are probably not significant but such differences as do appear 
would suggest that the loss of potassium was more rapid through the slightly 
smaller tibial half than through the slightly injured pelvic half. Hence it may 
be concluded that the loss through the injured end is not excessive. 

Varying Potassium Concentration .— 

A series of isotonic solutions was prepared in 250 cc. Erlcnmeyer flasks with 
concentrations of potassium varying from zero up to 196 mg. per cent. In ad¬ 
dition to the potassium, each solution contained CaCl 2 0.02 per cent, NaH 2 P 04 
m/150, and NaCl in amounts which decreased as KCl increased. Each solution 
was equilibrated with oxygen and contained enough NaOH to give the desired 
pH, in this case 5.6 and 7.2. One sartorius muscle was placed in each solution, 
the matched muscle from the same frog being analyzed at once for potassium. 
The flasks were left in the cold room at about 4°C. for 22-23 hours when the 
muscles were removed, superficially dried on filter paper, weighed on a torsion 
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balance and put into a crucible for ashing and potassium analysis. In this ex¬ 
periment, the potassium content was calculated on the basis of the final weight 
of the muscle after immeraon. 

Fig. 1 shows the results obtained in two experiments of this type, 
one at pH 7.2 and the other at pH 5.6. Ordinates represent the dif¬ 
ferences in potassium content between the control and experimental 
muscles. At pH 7.2, the graph crosses the zero line at 19 mg. per cent 
indicating that in a solution of this concentration and under the con¬ 
ditions of this experiment a muscle will neither gain nor lose potassium. 



Fig. 1. Graphs showing the gain or loss of potassium by a frog sartorius muscle 
after immersion for 22-23 hours at 4°C. Each point represents the difference in 
potassium content between the control muscle analyzed before the period of 
immersion and the experimental muscle analyzed after immersion. 

In weaker solutions there is a loss of potassium from the muscle and in 
stronger solutions there is a gain.^ 

At pH 5.6 a more concentrated solution is required to prevent the 
loss of potassium, the equilibrium concentration being 46 mg. per cent. 
At concentrations larger than this there is as before a gain in potassium 
but in this experiment the gain is no larger than would be expected if 
only the tissue spaces gained potassium until the concentration 
equalled that in the solution outside, the potassium content of the 

* Jacques and Osterhout (1932) have reported similar findings in Valonia. 
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fibres themselves remaining unchanged. Assuming 25 per cent of the 
whole muscle as tissue space and neglecting the small amount of potas¬ 
sium originally present therein, the gain in potassium to be expected 
from this cause has been calculated and is shown as a dotted line in 
Fig. 1. Thus at 200 mg. per cent K, the increase in Kj would be 50 
mg. per cent. The observed gain is evidently well explained by the 
tissue spaces and there is no reason to suppose therefore that the potas¬ 
sium concentration inside the fibres has increased. 

In these very strong potassium solutions the muscle also swells, 
due presumably to a loss of the normal anion impermeability. At pH 
5.6 the gain in weight was 12 per cent and 13.3 per cent at 117 and 196 
mg. per cent K respectively. If the potassium contents had been cal¬ 
culated in per cent of the initial weight of the muscle the gain in potas¬ 
sium in these solutions would have been much larger than that indi¬ 
cated but the actual concentration of potassium in the fibres might 
have been decreased. Since we are interested in concentration rather 
than contents we have calculated potassium according to the weights 
after immersion in all solutions which cause a swelling of the muscle. 

As long as the potassium inside the muscle is in equilibrium with the 
potassium outside, an increase in Ko should lead to an increase in Ki. 
According to Fig. 1 this occurs up to a certain point after which there 
is no further increase in K,-. This point of inflection in both curves 
seems to coincide fairly accurately with the point indicated by an 
arrow, at which the muscles, at both pH 5.6 and 7.2 become almost 
completely non-irritable. While more experiments are necessary to 
establish this correlation as strictly valid, it appears that when the 
muscle membrane is injured by the high potassium concentration to 
such a degree that excitation becomes impossible, the concentration 
of potassium inside the fibres has reached a limit. Possibly the mem¬ 
brane has become permeable to anions. This would result in swelling 
also if the protein anions are still unable to escape. It is in fact only 
in the solutions stronger than 100 mg. per cent K at both pH 7.2 and 
5.6 that swelling was observed. At pH 7.2 there is, however, a large 
increase in the concentration of potassium before this point is reached. 

Brief mention may be made at this point of the effect of immersing 
muscles in isotonic KCl (0.9 per cent or 472 mg. per cent K). Such 
muscles gain in weight at the rate of 16 per cent of the initial weight 
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per hour for about 16 hours and then remain about constant. The 
solution which is absorbed is approximately isotonic as regards potas¬ 
sium but contains much less chloride. Since the muscle as a whole 
becomes simultaneously slightly more acid and since the loss in sodium 
does not cover the excess of potassium over chlorine, it is obvious that 
some other ions than K, Na, H, OH, and Cl must be involved. Lactic 
acid formation and phosphocreatine synthesis help to account for the 
remainder of the potassium. Some of the potassium absorbed serves 
merely to raise the concentration in the tissue spaces. Some of our 
analyses show more potassium absorbed than can be accounted for in 
this way, indicating an increase in concentration inside the fibres, 
but this seems to be the exception rather than the rule. With the 
irreversible loss of excitability of the muscle has gone also, to a large 
extent at least, the ability to concentrate potassium.* 

The Effect of pH 

Perhaps the most significant feature of Fig. 1 is the fact that at 
pH 7.2 the tendency of potassium to escape from the muscle is less than 
at pH 5.6; a smaller value of K« is necessary to prevent decrease in 
K(. This is to be expected on the basis of a membrane equilibrium if 
the membrane is permeable to potassium and indeed Hober (1928) 
has some observations to confirm this prediction. Likewise Ernst 
and Takacs (1931) show that the addition of lactic acid to the sugar 
perfusate increases the amount of K and PO 4 which is extracted from 
frog muscle.^ It seemed possible, however, to test the matter more 

* In a preliminary abstract of this work we did not allow for the swelling of 
the muscle and concluded, probably erroneously, that a muscle could continue 
to concentrate potassium even after irritability is lost (Fenn, 1933). 

* Recent experiments performed since writing this manuscript have indicated 
that the loss of potassium is to a considerable extent dependent upon the ability 
of the muscle to lose phosphate. Matched muscles were soaked in high (u/lSO) 
and low (m/ 3000) phosphate Ringer without potassium. In the latter solution 
phosphate would diffuse out (Stella, G., /. Physiol., 1928, 66, 19) and the loss of 
potassium from the muscles in two experiments was 73 and 90 mg. per cent 
greater than in the more concentrated solution. We have also found a 19 mg. 
per cent greater loss of K from a muscle in nitrogen than from its mate in oxygen 
possibly because of the simultaneous loss of lactate. We were unable to confirm 
the statement of Wojtczak (Wojtczak, A., Biol. Abst., 1929, 3, 19068) that 
absence of sugar from the Ringer’s solution accelerates the loss of potasaum. 
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quantitatively by determining the effect of pH upon the equilibrium 
potassium concentration; i,e., the concentration of K® at which the 
muscle neither loses nor gains potassium. Thus if the equilibrium is 
such that Ki/Ko « H./Ho = OHo/OH.-, where K< and Ko refer to the 
activities inside and outside the muscle respectively, then K< X OH,- = 
K, X OH.. 

If at equilibrium, i,e. when K, is constant, OH< is also constant, 
then Ko X OH. should be constant. In other words as the pH is 
changed, the equilibrium value of K. should change in such a way 
that K. and OH. should remain constant and equal to K* X OH*. 



K in solution 


Fig. 2. Gain or loss of potassium at different pH after immersion for 5 hours 
at 22®C. in 5 per cent C02-bicarbonate-phosphate buffers. 

To test this suggestion it was necessary to determine the “equi¬ 
librium points” in a number of solutions of different pH values. A 
pH of 6.3 was tried under conditions comparable to those shown in Fig. 
1 and also a series of similar experiments under different conditions in 
the hope of obtaining more uniformity in the behavior of different 
muscles. For this reason some muscles were left in the cold room 
overnight in aerated Ringer's solution to reach a “basal” state and to 
recover from dissection injuries. The most carefully studied condition, 
however, was at 22®C. in an atmosphere of 5 per cent CO 2 + 95 per 
cent O 2 with m/150 phosphate and bicarbonate to give the desired pH. 
This offered the further advantage that the bicarbonate content of the 
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muscle could be measured simultaneously, thus permitting a calcula¬ 
tion of the pH inside the muscle. The data obtained from some of 
these experiments are plotted in Fig. 2. Other series at pH 6.3, 7.25, 
and 7.5 were tried and have given intermediate and confirmatory 
values which will be omitted to avoid undue confusion. The results 
are essentially similar to those of Fig. 1 except that the equilibrium 
concentrations are uniformly larger, due chiefly to the higher tempera¬ 
ture, and no definite point of inflection is observed corresponding to 


Mg per cent 



the approximate point of non-irritability, although this might have 
appeared in still higher concentrations at pH 7.7. 

Three more curves of the same type are plotted in Fig. 3. The 
muscles were immersed in the same solutions described in connection 
with Fig. 2 but they were kept for 22 hours in the ice box at about 4®C. 
in the hope of diminishing the rate of metabolic disintegrative changes 
and leaving the diffusion rates relatively unchanged. There is much 
less difference between pH 6.3 and 7.7 than in Fig. 2. In the alkaline 
solution there is a definite increase in the concentration of potassium 
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at least up to a certain limit. Beyond this maximum at pH 7.7 there 
is a decrease in potassium concentration which may be real and may be 
correlated as before with the diminishing irritability found in these 
solutions. It should be noted that in this series even at pH 6.3 there 
is definite evidence of a movement of potassium into the fibres against 
the concentration gradient. According to this test the anion imper¬ 
meability still persists and to that extent the cell is still in a normal 
condition. 

The irregularity of these results is considerable® but the conclusions 
are unmistakable. It is obvious that it does not sufiice to say that the 
muscle is in equilibrium with a solution containing 13 mg. per cent 
potassium, for this varies markedly with the pH. Mond and Amson 
(1928) determined this value by perfusing with a solution containing 
NaHCOs but no PO 4 or CO 2 except such CO 2 as came from the meta¬ 
bolic processes in the muscle.* The arterial solution must therefore 
have been quite alkaline which would agree with our results. 

Since K# (at equilibrium) decreases with increase in pH according 
to theory we have next to inquire whether this decrease is quantita¬ 
tively as well as qualitatively in agreement with the theory. 

This can best be tested by plotting log K„ against log OH„ (or pH). 
If K, X OH, is equal to a constant then log K, -|- log OH, or log K, -f- 
pH is equal to a constant and the graph should be a straight line of 
such a slope that log K, should decrease from (say) 2.0 to 1.0 when pH 
increases from 6.0 to 7.0. The slope of the graph should be therefore 
independent of the absolute value of the product K, X OH, which will 
determine only the intercepts on the x and y axes. 

In Fig. 4 the “equilibrium” values of log K, and log OH, (pH) {i.e. 
when K< is constant) have been plotted in this way using all the experi¬ 
ments available of the type described in Figs. 1-3. Five graphs, 
A, B, C, D, and E are obtained. The theoretical slope for constancy 

® We have made no attempt to select t}rpical experiments for presentation but 
have included practically all the results obtained. Many more experiments would 
be needed to determine the extent of the variations which could be expected in 
the behavior of frog muscle. 

' These authors mention no pH effects in their perfusion experiments but in a 
personal communication Dr. Mond informs us that they looked for such effects 
but did not observe them. 
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of the product K* X OH« is indicated by straight lines. It is evident 
that the most thoroughly studied condition (5 per cent COj, 5 hours, 
at 22°C.) represented by Curve A, gives results which approximate 
fairly well to this slope within the physiological range from 7.0 to 7.7. 
Parts of Graphs B, E, and D also seem to approach this slope as a 



Fig. 4. The pH of the solution plotted against the logarithms of the corre¬ 
sponding potassium concentrations at which the muscles neither gain nor lose K. 
See text. The curves differ as follows: A, 5 per cent CO 2 , 5 hours, 22°C. (Fig. 
2); B, same as A but muscles previously kept overnight in Ringer’s solution at 
about 4'’C.; C, S per cent CO 2 , 22 hours at 4°C. (Fig. 3); D, phosphate buffers, 
no Ca, S hours at 22®C. after previous treatment overnight at 4°C. in Ringer’s 
solution; E, phosphate buffers, 22 hours at 4®C. (Fig. 1). 

limiting value. At pH below 7.0, Graph A deviates markedly from 
the theoretical slope. This we believe due to the fact that the pH does 
not remain constant inside the muscle even though Kj is constant. If 
the product K< X OHj varies there is therefore no reason to expect 
K, X OH» to remain constant. Instead of remaining constant at pH 
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5.6 outside the pH inside decreases. This large concentration of H+ 
inside readily exchanges with K outside. A smaller concentration of 
Ko is therefore necessary to keep K, constant. 

We do not offer Fig. 4 as proof that Ko X OHo is constant. The 
points are hardly accurate enough to prove that this and no other 
relation obtains. Furthermore the pH inside is not really constant 
anywhere in the physiological range except at pH 7.0. Fig. 4 does 
show, however, that the data arc not inconsistent with this theoretical 
interpretation. One of the chief difficulties with the theory is that 
the pH inside is not much if any less than pH outside. To demon¬ 
strate this fact it is necessary to describe measurements of the pH in¬ 
side the muscle. 

pH Changes inside the Muscle .—The pH inside the muscle was esti¬ 
mated from the combined CO 2 when equilibrated with a known CO 2 
tension (5 per cent) by means of the Henderson-Hasselbalch equation. 
On account of the doubtful assumptions involved in using this equa¬ 
tion for tissues, especially the impossibility of making allowances for 
tissue spaces, the resulting figure is properly referred to as an ‘‘equiva¬ 
lent pH.’’ 

The H 2 CO 8 in 5 per cent CO 2 per 100 gm. of muscle was taken to be 0.829 X 
0.80 X 0.05 X 100 = 3.316 vol. per cent assuming 80 per cent water in the 
muscle, and taking 0.829 as the absorption coefficient for CO 2 in water at 22®C. 
For 5 per cent CO 2 the pH is therefore calculated by the formula pH » 5.65 
log (vol. per cent combined CO 2 ) when pKi = 6.17. The combined CO 2 is also 
calculated per 100 gm. of muscle. If both HCO 3 and H 2 CO 8 were calculated per 
100 gm. of muscle water the result would of course be unchanged. The value of 
pKi was taken from Cullen, Keeler, and Robinson (1925) for human blood plasma 
at 22®C. According to Meyerhof, Mohle, and Schulz (1932) the pKi should be 
greater than that for bicarbonate by 0.14 on account of a difference in the activity 
of HCOa" in muscle. These authors use pKi =* 6.40 at 20®C. If this value 
were used it would be necessary to conclude from our experiments that a muscle 
which neither lost nor gained CO 2 in 5 hours in a solution of pH 7.0, had a pH 
inside of 7.23. The pH of our solutions was measured with a quinhydrone elec¬ 
trode using a potassium phthalate standard. 

The combined CO 2 was measured as follows: The muscle was removed from the 
experimental solution, blotted on filter paper, weighed, and placed in 1 cc. of un¬ 
buffered Ringer’s solution in a respirometer bottle (differential volumeter) con¬ 
taining 0.3 cc. of 25 per cent citric acid in a side arm. 5 per cent CO 2 + 95 per 
cent O 2 was passed through the bottle, the solutions having been previously equi- 
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librated with the same gas. Cocks were turned after the respirometer had been 
in the bath 10 minutes, and half an hour later the acid was dumped into the Ring¬ 
er’s solution. Readings were continued after acidification until there was no 
further increase in volume. Ordmarily the volume begins to decrease again very 
slowly within 1 hour after dumping. A correction was of course made for the 
solubility of COj in the Ringer’s solution and in the muscle on the basis of the 
absorption coefficient of COj for water at 22°C. 

The results of these measurements show us what changes to expect 
in the position of the COj dissociation curve previously determined 
for normal muscles (Fenn, 1928). They have a further special impor¬ 
tance in furnishing a test of the theory that transfer of potassium takes 
place only by exchange with hydrogen (or by diffusion as KOH). In 
either case, since the muscles are equilibrated with 5 per cent CO* 
during immersion in the experimental solutions, any penetration of 
potassium by either of these mechanisms would cause an equivalent 
increase in combined CO 2 . The results show that this takes place 
to a limited extent only. 

Muscles were soaked for 5 hours in solutions of varying pH with 
Ca, K, PO 4 , and Na constant, CO 2 buffers being used. The results 
are shown in Fig. 5, all the muscles used in this series being repre¬ 
sented. The “equivalent pH” inside is plotted against the pH outside, 
the diagonal through the origin representing the points where the pH 
is the same inside and outside. The normal muscle has an initial pH 
in 5 per cent COj of 7.0 as indicated by the horizontal line. As diffu¬ 
sion takes place in the experimental solution the pH inside decreases 
in acid solutions and increases in alkaline solutions as if the initial hori¬ 
zontal line were gradually rotating anticlockwise, as indicated by the 
arrows, to approach the diagonal line. After 5 hours the combined 
CO 2 is 8-10 vol. per cent at pH 6.3 outside and 40-50 vol. per cent at 
pH 7.7, the normal content in HCO 3 being about 22 vol. per cent. 
These changes are large and relatively independent of small effects 
due to differences in potassium content of the solution. This is evi¬ 
dent when it is realized that the potassium concentration in some of the 
solutions varied at the same pH from 0 to 51 mg. per cent K. The pH 
inside, in other words, is almost entirely dependent upon the pH out¬ 
side and the period of immersion. Evidently the pH inside can change 
independently of the potassium which is therefore not the only pene¬ 
trating ion. 
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It is remarkable that an inside pH of 7.0 should be exactly in equi¬ 
librium with a pH outside of 7.0. The same is true of nerve except 
that the pH concerned is 7.15. With potassium 30 times more con¬ 
centrated inside than outside there should be, in a Donnan equilibrium 
a like difference in H+, so that the pH inside the fibres themselves 
ought to be 5.62 if it is 7.0 outside. The theory is evidently incomplete. 



Fig. 5a. Caloilated value of pH inside the muscle after 5 hours immersion 
at 22'’C. in solutions of different pH using 5 per cent COs-bicarbonate-phosphate 
buffers. 

Fig. 5b. The combined COj contents from which the pH values of Fig. Sa 
were calculated. 

EJ'ect of Varying Potassium Concentration in the Solution upon 

the pH inside 

If potassium enters a muscle by exchange with a hydrogen ion or as 
KOH, then a high potassium content in the solution should cause an 
increase in pH inside. In other words the pHi should depend upon 
both pH. and K, just as K, depends upon both pH. and K.. Experi¬ 
ments show that this is the case to a limited extent, although all the 
potassium which diffuses cannot be accounted for in this manner. 

Matched muscles were soaked for 5 hours at pH 7.0, one in a solution 
containing no potassium and one in a solution of high potassium (43 
mg. per cent) content. 5 per cent COj-bicarbonate buffers were used. 
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After 5 hours the muscles were blotted, weighed, put in a respirometer 
in 1 cc. of unbuffered Ringer’s, and equilibrated again with 5 per cent 
CO 2 + 95 per cent Oj. The combined CO 2 was then determined by 
dumping citric acid and the pH calculated. The contents of the respi¬ 
rometers were finally rinsed into a crucible, evaporated to dryness, 
ashed, and analyzed for potassium. The potassium originally present 
in the Ringer’s solution was deducted from the total found. 


TABLE II 


Matched Muscles A and B in Ringer's Solution of High and Low Potassium Content 

at pH 7.0 



Experiment 

No. 

Muscle A 




■■ 

mmm 


m.-tq. p€f 





(00 gm. 

K in solution, mg. per cent . 


■fl 

43 


COj in muscle, vol. per cent . 

mSm 

■B 

21.2 

mmm 


■H 

mSm 

21.1 

mSm 


143 

7.7 

15.5 

mBm 


144 

8.8 

12.8 

Hi 

Average... 

0.181 



K in muscle, mg. per cent . 

■■ 

. 240 

332 

2.35 


WSm 

276 

254 

1.99 


msM 

320 

402 

2.10 


144 

334 

409 

1.92 

Average. 

2.09 


There was no significant change in weight of the muscles in either solution 
during immersion. Temperature - 22®C. 

The results of four such experiments are shown in Table II. Aver¬ 
aging the results together it is found that Muscle B after 5 hours in 
high potassium Ringer’s solution contains 2.09 m.-eq. per 100 gm. 
muscle more K than Muscle A, and only 0.18 m.-eq. per 100 gm. more 
HCOs. The calculated increase in pH inside due to the high potas¬ 
sium is 0.14 as an average. Some potassium can obviously have dif¬ 
fused out of Muscle A as KOH thus decreasing the KHCO* inside. 
Some potassium may have diffused out without a corresponding de- 
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crease in HCO»“ if accounted for by the buffer activity of phosphates, 
proteins, etc. The fraction of the excess of potassium in Muscle B 
which could be explained in this way, however, is very small as can be 
estimated from the CO* dissociation curve of frog muscle (Fenn, 1928). 
From this curve (for summer frogs) it can be ascertained that between 
pH 6.8 and 7.2 the combined CO 2 increases 3.9 vol. per cent or 0.174 
m.-eq. per 100 gm. muscle for 0.4 increase in pH. The average pH 
in Muscle B is only 0.14 greater than that in Muscle A. Hence the 
amount of KOH which could be buffered by this means is only 0.14/ 
0.40 X 0.174, or 0.006 m.-eq. If therefore the difference between 
Muscles A and B is interpreted as due to diffusion of potassium from 
Muscle A it must be concluded that only 0.181 -f 0.006 or 0.187, out 
of the 2.09 m.-eq. which are lost, can have diffused out as KOH, unless 
some other acid-base change has occurred such as a formation of lactic 
acid or of phosphocreatine. 

It will be observed in Table II that in Experiments 143 and 144 
the COj values are lower and the potassium values are higher than in 
Experiments 130 and 132. This difference is due to the fact that the 
former muscles were left in aerated phosphate Ringer for 15 hours at 
4®C. before being used. During this time the CO 2 tension was near 
zero and the reaction must have been fairly alkaline inside. Pre¬ 
sumably therefore base diffused out (or acid in). Later when the 
muscles were put into 5 per cent C02-bicarbonate solution at 22°C. 
the CO 2 diffused in and they became therefore more acid than normal 
muscles and had a low CO 2 content. Being more acid inside they lost 
less potassium during the treatment at 22°C. with no potassium in the 
Ringer’s. The average pH of Muscles A and B respectively was 6.93 
and 6.98 for untreated muscles and 6.57 and 6.80 for muscles left in 
the cold room. The untreated muscles, being in a solution of pH 7.0, 
did not change much from this value as already explained in Fig. 5. 

The average weight of the muscles used in the experiments of Table 
II was 127 mg. (105-145). In the absence of potassium the muscles 
lost on the average 2.2 mg. in weight while in the high potassium solu¬ 
tions they gained 2.8 mg. The difference in weight is therefore about 
4 per cent while the difference in potassium between the two muscles 
is 25 per cent. There must have been some compensatory changes in 
other ions, perhaps sodium. The weight was, however, consistently 
higher where the potassium content was high. 
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All the muscles in these experiments (Table II) were irritable at the 
end of the experiment but those in the high potassium solutions had 
an irritability of only 45 as compared to 278 (ohms per volt) for the 
low-potassium muscles. 

The above interpretation of the effect of soaking muscles in the cold 
room overnight is rather instructive and is confirmed by an experiment 
in which one of a pair of sartorius muscles (A) was analyzed immedi¬ 
ately after dissection for combined CO* and K, while its mate (B) was 
similarly treated after being left in the cold room overnight in normal 
aerated Ringer’s solution. The potassium decreased from 356 to 288 
mg. per cent while the HCO3 decreased from 26.2 to 12.2 vol. per cent, 
the “equivalent pH” values for the inside of the muscle (after equi¬ 
librating with 5 per cent CO*) being 7.07 and 6.74 respectively. The 


TABLE m 

Phosphate vs. Bicarbonate Buffers 


Experiment 

Solution 

K in muscle 

pH 

K 

PO 4 

COt 



mg, per cent 

mg. per cent 

mg. per cent 

A 

6.3 

0 

178 

224 

B 

7.3 

47 

257 

370 


decrease in potassium in this case was 1.74 m.-eq. of which loss only 
i'1.62 m.-eq. was accounted for as HCOj. 

Another experiment (A) summarized in Table III illustrates nicely 
the effect of the pH inside the muscle upon the loss of potassium. Two 
solutions were prepared containing usual amounts of NaCl, CaCl*, 
and phosphate buffers, but no KCl. One was equilibrated with 0* 
and the other with 5 per cent CO* -f 95 per cent 0*. The pH of both 
was adjusted to 6.3. A pair of sartorius muscles was immersed, one 
muscle in each solution, and left in the cold room overnight. In this 
solution both muscles lose potassium, but the one in the solution con¬ 
taining only phosphate buffers lost 46 mg. per cent more than the one 
in the solution containing phosphate plus CO* buffers. The difference 
is to be attributed to the greater acidity inside the latter due to the 5 
per cent CO*. A similar experiment (B) was tried at pH 7.3 with 47 
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mg. per cent K. The initial potassium content is unknown but prob¬ 
ably the CO2 muscle gained potassium and the PO4 muscle lost potas¬ 
sium, the difference in potassium content being 113 mg. per cent. 
These experiments show that an increase in pH inside favors the loss 
of potassium from the muscle just as an increase of pH in the solution 
favors the entrance of potassium into the muscle from the solution. 
In spite of this indubitable relation between pH and potassium dif¬ 
fusion, evidence has been cited in Table II to show that potassium is 
not the only diffusible ion, for pH changes can occur independently of 
potassium diffusion. 


TABLE IV 

Mutual Independence of K and HCO 3 Changes 


pH 

K in solution 

K in muscle 

HCOi in muscle 


mg, per cent 

m. molsIlOO gm. 

m, mols/lOO gm. 

6.3 

0 

— 

-0.69 

6.3 

23 

-3.72 

-0.95 

6.3 

51 

-0.33 

-0.62 

7.3 

0 

-2.07 

0.32 

7.3 

23 

-0.13 

0.094 

7.3 

51 

1.43 

0.23 


The figures represent differences between K and HCO 3 analyses of pairs of 
muscles, one analyzed before and the other after soaking for 5 hours at 22°C. in 
5 per cent CO 2 + 95 per cent O 2 . Solutions contained 0.65 per cent NaCl, 
m/150 phosphate, 0.02 per cent CaCh in addition to KCl and HCO 3 . 

Further evidence of the same effect is furnished by the data of Table 
IV in which figures are given for simultaneous changes in K and HCOs 
concentration caused by an immersion of 5 hours in solutions of vary¬ 
ing potassium and hydrogen ion concentrations. At pH 6.3 muscles 
lose 0.62-0.95 m.-eq. HCOs per 100 gm. in solutions of all concentra¬ 
tions of potassium from 0-51 mg. per cent, but at 51 mg. per cent K 
the loss of potassium is only 0.33 while in the absence of potassium it is 
certainly more than 3.72 m.-eq. although the actual analysis in this 
case was lost. Likewise at pH 7.3 all three muscles gain HCOs while 
two of them lose K. Under other conditions they may lose HCOs 
when K is gained; they may show a large change in pH after immersion 
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while K remains constant, or the K content may change while the pH 
remains constant. 

Effect of NHiCl 

Another instructive example of an increased loss of potassium due to 
a high internal pH is derived from experiments in which some of the 
NaCl in Ringer’s was replaced by NH4CI. As in the case of the eryth¬ 
rocyte, NH4OH readily penetrates the muscle and increases the alka¬ 
linity inside. This increased alkalinity causes in turn a redistribution 
of potassium between the inside and the outside so that potassium 
diffuses out, perhaps due to the increase in the product Kj X OHj. 


TABLE V 

Effect of NHiCl on K Content of Muscle 



K in muscle 

Irritability 


(fl) 

(6) 

(«) 

(b) 

Control muscle in Ringer^s. 

mg. per cent 

367 

mg. per cent 

316 

600 

370 

Muscle in Ringer^s + NH4CI. 

278 

257 

20 

10 


The amount of NaCl replaced by NH4CI was 0.033 m in (a) and 0.044 M in 
(6). In both cases the solution had a pH of 7.3 and a potassium content of 32 
mg. per cent. Muscles were soaked in these solutions for 5 hours at 22®C. be¬ 
fore analysis. 

On this basis Jacques and Osterhout (1930) explain the loss of potas¬ 
sium from cells of Valonia exposed to NH4CI. It was also noted 
that the irritability of the muscles to break induction shocks decreased 
markedly as potassium diffused out. The figures from these experi¬ 
ments are shown in Table V. 

Effect of CaCli 

We have endeavored repeatedly to learn what effect a change in the 
calcium concentration would have upon the potassium equilibrium. 
The results, however, have not been altogether consistent. Nine such 
experiments may be selected for summary. Each experiment involved 
the analysis of a pair of muscles after 5 hours immersion, one in a 
Ringer’s solution containing no calcium and the other in a Ringer’s 
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solution containing 0.02 or 0.04 per cent CaCli. Otherwise the solu¬ 
tions were the same for both muscles. The pH of both solutions 
varied, however, in different experiments from 4.5 to 7.5 and the piotas- 
sium from 8 to 32 mg. per cent. Of the nine experiments, seven 
showed more potassium in the muscle in the CaClj-Ringer solution, 
the average increase being 53 mg. per cent. The other two experi¬ 
ments showed decreased amounts of potassium in the presence of 
CaClj, the differences being 19 and 50 mg. per cent. It appears there¬ 
fore in general that CaClj tends to prevent the loss of potassium from 
muscles but the differences arc not great and there are doubtless com¬ 
plicating factors which could not be adequately controlled. We find 
it impossible therefore to make a very positive statement concerning 
the effect of calcium at the present time. 

Correlations with Irritability 

In most of these experiments we have measured the irritability of 
the muscles after and sometimes also before the period of immersion 
in the experimental solution. Some correlations with the potassium 
equilibrium can be made out but in other respects the correlation is 
not very good. 

Immediately after dissection the irritability of a frog sartorius mus¬ 
cle measured with an induction coil is perhaps 1000 ohms/volt. If 
left in Ringer’s solution this value rapidly declines within the 1st hour 
to about 100 or 200 after which the decline is relatively slow. Samples 
of the rapid decrease are shown in the two lower graphs in Fig. 6. 
One of these graphs represents normal muscles and the other represents 
muscles equilibrated with 30 per cent CO 2 and therefore much more 
acid both inside and out. Each graph represents the average of three 
or more experiments. To avoid confusion the large number of scat¬ 
tering experimental points from many different muscles are not 
included. As would be expected the greater acidity causes a more 
rapid loss of irritability. Some of the muscles were analyzed for potas¬ 
sium at various times during these experiments and the results, repre¬ 
sented by the graphs in Fig. 6, show that the more rapid loss of 
irritability was accompanied by a more rapid loss of potassium. The 
more rapid loss of potassium is probably due to the fact that COt 
causes initially a greater increase in acidity outside in the Ringer’s 
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solution than inside the muscle, because muscle is better buffered 
than is the Ringer-phosphate solution. The buffer value (dR/dpH) 
for muscle is 0.02 and for Ringer’s solution 0.0058 (with m/I 50 phos¬ 
phate). It may be estimated that in 30 per cent CO* the pH inside 
the muscle was 6.3 as compared to 5.9 outside. On the basis of these 
experiments an increase in COj tension in the capillaries of a muscle 
in vivo would be expected to cause a shift of potassium from muscle to 
blood comparable to the shift of chlorine from plasma to corpuscles. 



•4-» 

g 


Fig. 6. The effects of equilibrating musde plus Ringer’s phosphate solution 
(pH 7.25) with 30 per cent COj plus 70 per cent 0*. Decreases in potassium 
content, in mg. K per 100 gm. muscle, in irritability (ohms per volt in primary 
of inductorium), and combined CO 2 content (in per cent of the initial value) 
are plotted against the duration of immersion in the solution. 


Some of these muscles were also put into respirometers after dif¬ 
ferent periods of time, equilibrated with 30 per cent CO 2 , and analyzed 
for combined COj by dumping citric acid. The average initial con¬ 
tent was 42.4 vol. per cent in six muscles. The decrease in HCOi 
with time is indicated in the uppermost graph in Fig. 6 in per cent of 
the initial value. The experimental error of the few figures obtained 
was suflheient to obscure any difference between the muscles equi¬ 
librated with 30 per cent COj and the controls which were exposed to 
COj only at the time of analysis. Both muscles were presumably 
slightly more alkaline than the solution and both showed a decrease 
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to 60 per cent of the initial HCO3 in 5 hours. Thus the potassium 
loss in 5 hours is 4.1 m.-eq. per 100 gm. while the CO 2 loss is 0.76 m.-eq. 
It is impossible to account for this large potassium loss without further 
analyses for Na, P, lactic acid, etc. 

This sudden loss of irritability resembles at first thought the sudden 
loss of irritability described by Gcllhorn (1930) when the concentra¬ 
tion of potassium in the solution exceeds a certain critical value 
depending upon the amount of calcium present. We have tried,how¬ 
ever, the concentrations of salts recommended by Gellhorn for the 
preservation of normal irritability and continue to find the same rapid 
initial drop in irritability. This drop is so rapid that one must work 
quickly in order not to miss it. Sometimes even a minute or two 
makes a big difference. The second muscle dissected of a pair of 
sartorius muscles usually had a lower irritability than the first. Semi- 
tendinosus and ileofibularis muscles give similar results. In Ringer’s 
solution containing no potassium the initial fall in irritability is more 
rapid than in high potassium solutions. Possibly the immediate effect 
of potassium is to partially depolarize the membrane and increase 
irritability, while higher concentrations or more prolonged exposure 
may destroy the membrane and so abolish excitability. Lapicque 
and Nattan-Larrier (1926) have reported an initial decrease in chron- 
axie followed by an increase as a result of treatment with potassium. 
The injurious effect of both high and low potassium solutions are 
reversible to a certain extent. 

Another surprise lies in the discovery that the irritability is increased 
by increase in the potassium content of the Ringer’s solution up to a 
certain optimum. The optimum concentration of potassium accord¬ 
ing to our experiments is about 20 or 25 mg. per cent K, whereas usual 
Ringer’s solution contains only about 5 mg. per cent K (0.01 per cent 
KCl). We at first thought that this optimum corresponded to the 
concentration at which the muscle was in potassium equilibrium, there 
being a decrease in irritability when potassium was either lost or 
gained by the muscle. The graphs of Fig. 7 show, however, that this 
is not the case because the point of optimum irritability does not vary 
significantly with the pH. Thus at pH 6.3 the muscle is in equilibrium 
(as to K) with a solution of 75 mg. per cent K whereas the optimum for 
irritability is at 20 mg. per cent. Where the points on these irrita- 
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bility curves are close enough together it is often possible to see that 
there is a very sudden drop after the concentration passes a certain 
critical value. One of the curves at pH 7.3 (Fig. 7) shows a suggestion 
of this effect. The drop is probably also sudden with respect to time 
and may correspond therefore to Gellhom’s sudden drop of irritability. 



K outside 


Fig. 7. Irritability (in ohms X 10“* per volt in the primary of the induc- 
torium) of muscles after 5 hour immersion in solutions of varying potassium con¬ 
tent. Note that the optimum does not vary regularly with the pH. Each point 
represents one muscle. 

We are quite well aware that this maximum of irritability at a rela¬ 
tively high potassium concentration may be due to our method of 
measuring irritability and we are not disposed to defend this simple 
induction coil method very far. In such experiments as we have tried, 
however, the chronaxie criterion gave a similar result. A similar 
optimum concentration of potassium was found by Sereni (1925) for 
tension and heat production but in this case the optimum coincided 
with the usual concentration in Ringer’s solution. 
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Potassium Diffusion vs. Time 

In most of our experiments a period of diffusion of 5 hours was 
arbitrarily selected as convenient. A few observations were made, 
however, at other durations so that the gain and loss of potassium as a 
function of time could be plotted. In each case the solutions were in 
equilibrium with 5 per cent CO 2 and the temperature was 22°C. 
Curves representing four such experiments are plotted in Fig. 8. 
In acid solutions, low in potassium, there is a steady loss of potassium 



Fig. 8. Typical curves showing gain or loss of potassium by musdes as a func¬ 
tion of the time of immersion in hours. 

from the beginning. In another equally acid solution (pH 6.3) the 
potassium concentration was high enough (51 mg. per cent) to cause 
an initial gain in potassium followed eventually by a loss. (Note one 
widely divergent point, a not uncommon result.) This subsequent 
loss may have been due to the increasing acidity inside and the 
destructive effect of high potassium upon the membrane. Even at 
neutrality and 30 mg. per cent K, however, the initial gain in potas¬ 
sium was not maintained. Only at pH 7.7 and 39 mg. per cent K did 
the experimental muscle continue to show a net gain 24 hours after 
the control muscle was analyzed. Some but not all of this gain might 
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be due to an increase in the concentration of potassium in the tissue 
spaces until equal to that in the solution. 

DISCUSSION 

The evidence just presented shows clearly that potassium diffuses 
in and out of muscles by exchange with hydrogen ions or some equiva¬ 
lent process. Otherwise it is hard to explain how potassium can 
move against the concentration gradient after a slight increase in the 
concentration of potassium outside. Furthermore we have shown 
that potassium tends to move toward the side of increased acidity and 
when potassium is increased inside the muscle we have demonstrated 
an increase in bicarbonate content. The changes in bicarbonate, 
however, are not quantitatively sufficient nor are they always even 
in the right direction to explain completely the potassium movement. 
It is therefore evident that under the conditions of these experiments 
some anion or cation other than K must have diffused across the mem¬ 
brane. This fact is not in agreement with the general theory that the 
muscle membrane is anion-impermeable and permeable only to the 
smaller cations, K and H. To explain this conflict we are now 
attempting to determine what other ions are involved in this equi¬ 
librium shift. It is necessary to include in the study all chemical 
reactions within the muscle which can change the acid-base balance, 
e.g. the formation of lactic acid and the synthesis of phosphocrcatine. 
Meanwhile we must consider the possibility that ions other than potas¬ 
sium can diffuse only outside the physiological range where the muscle 
has been somewhat injured or, that there is enough diffusion between 
solution and tissue spaces to account for the conflicts with the theory 
which have been observed. This explanation does not appear very 
hopeful to us but we are not prepared to rigidly exclude it until the 
total electrolyte balance is better explored. 

There is, however, another experimental conflict with the theory 
which is still harder to exclude completely. This is the finding that 
the pH of the muscle is at least approximately the same both inside 
and out while the potassium concentration differs markedly. This 
might mean that the membrane is permeable to potassium but not to 
hydrogen ions. This, however, seems definitely contradicted by the 
evidence outlined above for a diffusion of potassium by exchange with 
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hydrogen. Even a diffusion of potassium as undissociated KOH as 
suggested by Osterhout (1930) amounts to an exchange with hydrogen 
ions if water can penetrate. It has been argued that the membrane 
is impermeable to hydrogen ions because a change in pH does not 
affect the injury potential to the same extent that a change in potas¬ 
sium concentration does. It should be noted, however, that the 
absolute concentration of potassium ions is so large that the rela¬ 
tively infinitesimal number of hydrogen ions can have very little 
effect upon the phase boundary potential so that the argument is 
quantitatively fallacious. t 

Two different theories have been proposed by Osterhout (Osterhout 
(1930)); and Osterhout and Stanley (1932) and by Brooks (1929) to 
explain the accumulation of potassium in living cells. According to 
both theories, however, the potassium balance is not an equilibrium 
phenomenon at all but merely the result of a steady state of diffusion. 
The potassium accumulation is due then to a greater mobility of potas¬ 
sium as compared to sodium and to a continuous production of acid 
by CO 2 formation inside the cell. However well this scheme may 
work for plant cells it does not seem appropriate for muscles. In the 
first place the muscle cells are small and well ventilated by blood so 
that the CO 2 tension inside is very little greater than that outside and 
does not seem to be quantitatively sufficient to explain the great dif¬ 
ference in potassium concentration. Further potassium cannot con¬ 
tinue to enter a muscle cell as it can a Valonia cell for the muscle is not 
continuously growing and absorbing water. Without this provision 
the inequality in potassium concentration would not persist. There¬ 
fore it must be concluded that although such steady state theories 
may permit unequal K<,/Ki and H«/H< ratios the explanation is inade¬ 
quate on other grounds. 

It might be suggested that inequality between Ki/K<, and H</H<, 
ratios might be due to differences in the activity coefficients inside 
the cell as compared to those in solutions. Hill and Kupalov (1930), 
however, have shown that the osmotic pressures inside and outside 
the muscle are equal if all the potassium is assumed to be in solution 
so that one could hardly expect a change in activity coefficient of K< 
sufficient to change this ratio very much. A change in activity of 
hydrogen ions could hardly explain a pH shift from the theoretical 
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5.52 to 7.0 and the change in the activity of HCOs~ ions which Meyer¬ 
hof, Mdhle, and Schulz (1932) have found only makes matters worse. 

While the theory of Mond and Netter appears to be incomplete it 
also fits the facts remarkably well in many ways. Without rejecting 
it altogether we prefer to suppose for the present that there is some 
independent mechanism within the muscle which regulates the pH to 
approximate neutrality in spite of the demands of the membrane equi¬ 
librium. Some continuous supply of energy would obviously be neces¬ 
sary for this purpose which might help to explain the resting oxygen 
consumption. This suggestion, however, is obviously of little real 
value until a detailed mechanism can be offered. We are, however, 
emphatically of the opinion that this equality of pH inside and out 
cannot be explained away by considerations of tissue spaces for 
example but must be included in the theory as an important item. 

SUMMARY 

1. Analyses were made of the K and HCOs content, the irritability, 
and weight change of isolated frog sartorius muscles after immersion 
for 5 hours in Ringer’s solutions modified as to pH and potassium 
content. 

2. At each pH a concentration of potassium in the solution was 
found which was in diffusion equilibrium with the potassium in the 
muscle. In greater concentrations potassium moved into the muscle 
against the concentration gradient and vice versa. 

3. The greater the alkalinity of the solution the smaller the con¬ 
centration of the potassium at equilibrium so that the product of the 
concentrations of OH and K in the solution at equilibrium tends to 
remain approximately constant. 

4. The pH inside the muscle is approximately equal to that outside 
when first dissected but it tends to change during immersion so as to 
follow the changes in the pH of the solution. This finding is in direct 
conflict with the theory according to which the high potassium con¬ 
centration inside should be accompanied by an equally high hydrogen 
ion concentration in relation to that outside. 

5. The diffusion of potassium into the muscle makes its contents 
more alkaline but the increase in alkalinity is not always, nor usually, 
equivalent to the amount of potassium which has diffused and con- 
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versely, the pH inside can change in either direction according to the 
pH outside without there being any diffusion of potassium. Hence 
potassium is not the only penetrating ion. 

6. The irritability of the muscles is at a maximum in concentrations 
of potassium which are greater than that in normal Ringer’s solution, 
or about 20 mg. per cent potassium. This optimum does not seem to 
be a function of pH and is therefore not dependent upon the direction 
of movement of the |x>tassium but probably on the ratio of potassium 
outside to that inside. 

7. Swelling of the muscles occurs in solutions which injure the mus-, 
cle so as to permit both cations and anions to enter without permitting 
the organic protein anions to escape. Anion impermeability is neces¬ 
sary to prevent this same osmotic swelling under normal conditions. 

8. An increase in the CO 2 tension in muscle and solution causes a 
greater increase in acidity in the solution than in the muscle and leads 
to a loss of potassium. One expects therefore a potassium shift from 
tissues to blood comparable to the chlorine shift from plasma to 
corpuscles. 
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The diffusion of CO 2 in animal membranes has received the atten¬ 
tion of but few investigators and the data presented have been in¬ 
adequate and apparently contradictory. Krogh (1919) published a 
permeability constant for CO 2 in connective tissue based on a single 
determination. He considered his value too high although it is lower 
than a similar constant given by Hagenbach (1898) for CO 2 diffusing in 
20 per cent gelatin. Fenn (1928 h) published diffusion coefficients for 
CO 2 in nerve and muscle and found values considerably lower than the 
diffusion coefficient that he calculated from Krogh’s permeability con¬ 
stant. Considering the contradictory results obtained by the above 
authors and the fundamental importance of the knowledge of the rate 
of diffusion of CO 2 in physiological problems it seemed desirable to 
make a study of the diffusion of this gas in different types of mem¬ 
branes. Two methods of determining the rate of diffusion of CO 2 in 
tissues and the results of measurements made on connective tissue, 
muscle, and frog skin are given below. 

Apparatus and Methods 

Measurement of Permeability, —^The method of measuring permeability of tissues 
to CO 2 depends on the fact that small amounts of CO 2 can be detected by con¬ 
ductivity changes in a barium hydroxide solution (Fenn, 1928 a). Essentially 
the method is to pass CO 2 of a known tension over one face of a tissue and catch 
the CO 2 that leaves the opposite face in barium hydroxide. Measurements of 
the conductivity of the barium solution are made by means of a suitable Wheat¬ 
stone bridge and the changes are expressed in cc. of CO 2 at standard pressure and 
temperature. 

The apparatus used is shown in Fig. 1. It consists of a conductivity cell with 
two platinum electrodes sealed into the side arm of a bottle, fitted with a ground 
glass stopper. The brass tube (A) is sealed into the glass stopper with de Khotin- 
sky cement. Two brass rings (B) are used to hold the tissue and these fit snugly 
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over the lip at the base of the brass tube (C). When the tissue is in place, the 
tube (C) is inserted into tube (^4) and the tissue is trapped under the lip of tube 
(C), leaving an area of 0.317 cm.* exposed for diffusion. The gas is saturated 
with water at the experimental temperature (22°C.)and then enters the diffusion 
chamber through the glass tube (Z>). The side arm with the stop-cock is open 
until the apparatus has come to temperature equilibrium with the water bath in 
which the whole apparatus is immersed. 


O 



Fig. 1. Apparatus for measuring the permeability of tissues to carbon dioxide. 


The values given by Fenn for the change in conductivity per c. mm. of CO 2 
at different specific conductivities of barium hydroxide have been (1) multiplied 

9 28 

by 0.9S to reduce them from 25®C. to 22°C.; (2) multiplied by to correct for 

9.75 


the difference in cell constants; (3) the ordinates have been multiplied by 


3.97 

6.00 


to correct for the volume of barium hydroxide used. 

The routine procedure for an experiment is to prepare the tissue in the rings, 
wash well with Ringer’s solution, make several determinations of its thickness, 
and then immediately mount it in the conductivity cell containing a known quan¬ 
tity (6.0 cc.) of barium hydroxide solution. The small space between the two 
brass tubes is well sealed with wax and the cell is immersed in a constant temper- 
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ature bath. The gas, previously mixed in two 20 liter bottles, is then passed 
slowly through a saturator (also in bath) before entering the diffusion chamber 
and the whole apparatus is allowed to stand until an equilibrium is established. 
20 minutes were found to be sufficient to flush out all parts with the CO 2 mixture 
and to arrive at the bath temperature. The conductivity of the barium hydrate 
is now measured and subsequent readings taken at intervals until the rate of pas¬ 
sage of CO 2 has remained constant for a period of 2 hours. The results are ex¬ 
pressed in cc. of gas (n.t.p.) passing through 1 cm.^ under a pressure gradient 
of one atmosphere per cm. 

Measurement of Absorption Coefficients .—According to Pick’s law of diffusion, 
the quantity of gas {ds) which passes in a time {dt) across an area {A) under a 

concentration gradient is given by the formula 
{dx) 

ds = KA ^dt (1) 

dx 


where (K) is the true diffusion coefficient for the substance. With appropriate 

cm * 

units K has the dimensions -^—. In order to derive a diffusion coefficient 

minute 


( cm * \ 

^-;— ) as determined by the 

minute atmosphere/ 

barium hydroxide method it is necessary to know the absorption coefficient 

( cm * \ 

-^-) for CO 2 in the tissues. Dividing the permeability constant 

cm.* atmosphere/ 

( cm * \ 

-^ j is ob- 

minute / 

tained. 

A differential volumeter of the type used by Penn (1927) was modified as shown 
in Pig. 2 for the determination of the absorption coefficient. The experimental 
bottle (-4) has a side pocket (5) large enough to contain 2.5 cc. of mercury and 
a side arm with a stop-cock (C) for flushing the bottle with gas. A ground glass 
stopper fits into the base of the experimental bottle and during an experiment 
contains a flat piece of acidified tissue stretched over a brass disc and held in 
place by a split ring. The volume of the tissue is determined from the weight 
(specific gravity 1.04) and the thickness determined by the method described 
below. The whole apparatus is immersed in a water bath at 22°=*=® ®‘°C. 

The tissue is weighed and placed in the stopper. The apparatus is then placed 
in the water bath and the experimental bottle flushed out with hydrogen, saturated 
with water at 22^C. The stop-cocks are turned to the position connecting both 
bottles with the capillary and an equilibrium established. At this stage the tis¬ 
sue is saturated with hydrogen and mercury is tipped from the side pocket, trap¬ 
ping the hydrogen in the tissue. The stop-cocks are now turned to permit flushing 
of the bottle with CO 2 . 5 minutes are allowed for thorough washing out of all 
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hydrogen and then the cocks are turned again to the capillary. When equilibrium 
is again reached (2 to 3 minutes) the mercury is quickly dumped into the side 
pocket and CO 3 is exchanged for the hydrogen in the tissue, resulting in a rapid 
movement of the kerosene drop toward the experimental bottle. When the drop 
in the capillary again comes to equilibrium the tissue has become saturated with 



Fig. 2. Apparatus for the determination of the carbon dioxide absorption and 
diffusion coefficients for tissues. 


CO 2 and the amount required for saturation can be calculated by means of the 
following formula from Fenn (1928 a): 


x^d 


Vc+Vr{P-y) 
Fc + d P 


( 2 ) 


where 

X - volume of CO 3 (temperature and pressure of experiment) required for 
saturation; 

d -« volume of capillary (8.6 X 1(H cc. per cm.) per unit length; 

Vc volume of control bottle (19.4 cc.); 

Vf « volume of experimental bottle (30.3 cc.); 

P «■ barometric pressure; 
y >■ vapor pressure in the bottles. 

The value x is corrected to standard temperature and pressure in these experi¬ 
ments. 
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Some determinations of the amount of COji leaving the tissue have been made 
by covering the CO 2 saturated tissue with mercury and flushing the bottle with 
hydrogen. When the mercury is dumped into the side pocket the CO 2 escapes 
and the kerosene drop moves away from the bottle in proportion to the amount 
of CO 2 dissolved. 

A correction must be made for the hydrogen leaving the tissue when calculating 
the amount of CO 2 necessary for saturation. This correction is only small due 
to the low solubility coefficient for hydrogen in H 2 O (0.018 cc./cc.). A further 
correction is made for any constant drift of the kerosene drop previous to dumping 
the mercury and after saturation. Such a correction, while not large, becomes 
significant over a period of 20 or more minutes. The maximum rate of movement 
noted was 0.04 cm./minute which in 20 minutes amounts to about 5 per cent of 
the total movement. The average drift was 0.02 cm./minute. 

Measurement of the Difusion Coefficient by the Volumetric Method. —In the ex¬ 
periments for determination of the absorption coefficient, we have a condition 
where a flat sheet (of known thickness) is suddenly exposed to a gas and the per¬ 
centage saturation at any time thereafter is indicated by the position of the kero¬ 
sene drop. Under such conditions a diffusion coefficient for the gas in the material 
of the sheet can be calculated by the formula 


0 8 { 1 1 

— 1=1 - e 4aa-f-'—g 4 a* -I-g 4 

Qx T* 9 ^25 ^ 


(3) 


taken from the work of Andrews and Johnston (1924). 

Q\ is the total amount of the gas present in the sheet at saturation. Q is the 
amount present at the time t. a is the thickness of the tissue and K the diffusion 
coefficient of the gas. 

This equation can be reduced to the simpler form 

- 0.0851 - 0.933 log ( 1 - ^ ) (4) 

<» \ Qi/ 

if all terms but the first are neglected, a condition sufficiently accurate for present 
Kt 

purposes. When —i is greater than 0.1, corresponding to 36 per cent saturation, 
a* 

the error is less than 1 per cent. 

When the mercury is tipped off the tissue, during a determination of the ab¬ 
sorption coefficient, a stop-watch is started and the position of the kerosene drop 
read at intervals of 30 seconds for the first 2 minutes, and appropriate intervals 
thereafter, until equilibrium; i.e., saturation is reached. From the position of the 
drop, at any time after tipping, the percentage saturation can be determined and 
K can be readily calculated from Equation 4 when a is known. The position of 
the drop must be corrected for the H 2 diffusing from the tissue as well as any 
constant drift as mentioned above. The rate at which H 2 leaves the tissue may 
be calculated by means of Equation 4, assuming a diffusion coefficient of 28.0 X 
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10“^. This figure is obtained by assuming that the rate of diffusion is inversely 
proportional to the square root of the gas density and the coefficient of diffusion 
for COj is 6,0 X 10**^. A number of determinations of the COj diffusion coeffi¬ 
cient in acidified tissues have been made by this method. 

The CO 2 used in all experiments was taken from cylinders as supplied by the 
Ohio Chemical Company for medicinal purposes. This CO 2 is pure within a 
small fraction of 1 per cent by analysis. All CO 2 mixtures above 30 per cent were 
analyzed by flushing out a capillary tube (with stop-cock) and allowing the open 
end to stand in NaOH. The ratio of the height to which the NaOH rises in the 
tube to the total length of the tube gives the percentage CO 2 in the gas mixture 
within 1 per cent. All CO 2 mixtures below 30 per cent were analyzed on the 
Haldane-Henderson gas analyzer. 

Measurement of Membrane Thickness ,—Probably the greatest source of error 
in all permeability and diffusion measurements lies in the determination of the 



thickness of the membrane used. Many preliminary experiments in this work 
have been rejected due to variability, traceable directly to errors in the methods 
of measuring thickness. The apparatus used in all the experiments below is 
shown in Fig. 3. (yl) represents the objective of a microscope fitted with a 
tapered metal pointer and {B) a brass plate with an elevated disc resting on the 
stage of a microscope. An electric circuit is completed from the pointer to the 
plate through a rheostat and a pair of head-phones. An oscillating current is 
furnished by the vacuum tube oscillator (C). The tissue, already in the rings 
(Z>), is placed over the elevation on the brass plate and the objective is lowered 
by means of the fine adjustment screw (calibrated) until the pointer just makes 
contact as signified by the hum in the phones. By taking alternate readings with 
the 3 gm. weight (£) on the tissue and directly on the platform, a series of figures 
is obtained the average of which gives an accurate determination of the thickness. 
For example, three thickness determinations on the same membrane gave the fol¬ 
lowing values: 0.23S mm., 0.238 mm., and 0.230 mm., each an average of six to 
ten measurements. The deviation of any single reading from the mean of ten 
readings seldom exceeds 5 per cent. 
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RESULTS 

Permeability Constant. —Fig. 4 shows the graph of a typical experi¬ 
ment using the barium hydroxide method for the determination of the 
permeability of tissues for COj. This graph shows the constancy of 
the rate at which COj passes through a tissue after an initial period 
required to reach equilibrium. 

Table I contains a summary of all the determinations of membrane 
permeability obtained by the barium hydroxide method. The average 



Fig. 4. Graph showing constancy of the rate at which carbon dioxide penetrates 
frog skin. Thickness 0.237 mm.; CO 2 tension 734 mm. Hg; temperature 22®C. 

thickness of the tissue is given, together with the extreme range. The 
tissues decreased in thickness during the period of the determination. 
This decrease was, on the average, 10 per cent of the total thickness. 
The fourth column shows the extreme range of CO 2 tensions used and 
the last column the permeability constant together with the probable 
error. 

The three determinations on the permeability of rubber were made 
on membranes cut from the same sheet. Rubber was chosen as a 
means of checking the reliability of the method by comparison with 
the permeability as determined by other workers. The individual 
determinations gave the following values: 0.47,0.SG, and 0.47 X 10“* 
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which are in good agreement with the permeability constant 0.44 X 
10“* as found by Daynes (1920). The determinations on rubber also 
show the variation to be expected using a membrane of constant 
properties. 

Twenty-five determinations on frog skin, cut from the belly of the 
frog, gave an average permeability constant of 3.05 X 10“^ with a 
probable error as shown. Acidification (4 or more hours in n/10 HCl) 


TABLE I 

Permeability Constants for COa Difusing in Various Media 



No. of 
deter¬ 
minations 

Average membrane 
thickness 

Range of 
COi 
tension 

Permeability 
iP) X to* 

Rubber. 

3 

micra 

50 

mm. Eg 

84-86 

0.48 

Frog skin. 

25 

248 (175-325) 

57-744 

3.05=*=®” 

*Frog skin (acidified n/10 HCl). 

4 

283 (270-300) 

722-734 

4 47±0.01 

Connective tissue (dog diaphragm).... 

2 

215 (175-255) 

127-148 

2.65 

Frog muscle. 

26 

354 (255-500) 

74-731 

5.29=^M 

Mammalian muscle (dog diaphragm)... 

1 

700 

152 

t4.7 

Smooth muscle (cat bladder). 

1 

360 

109 

t5.0 

Parchment paper. . 

2 

233 

72S-132 

1.35 

^Parchment paper (NaHCOj). 

2 

235 

727-730 

1.54 


Permeability is expressed as cc. per cm.* per min. with a gradient of one atmos¬ 
phere per cm. X lOl 

Figures in parentheses in Column 3 indicate the extreme ranges of thickness 
of tissues. 

* Frog skin soaked for 4 or more hours in n/10 HCl. 
t Corrected for connective tissue, 
t Parchment soaked for 12 hours in 0.15 h NaHCOs. 

All experiments at 22'’=*^ ®**C. 

of frog skin markedly reduces the resistance offered to the passage of 
carbon dioxide as can be seen from the average value of 4.47 X 10"*. 
This change may be attributed to several factors such as sloughing off 
of the outer epithelial layer, a 5 to 10 per cent increase in water con¬ 
tent, and general structural changes accompan 3 dng precipitation of 
proteins. 

Mammalian connective tissue offers slightly more resistance to the 
pas^ge of CO} than does frog skin. These membranes were taken 
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from the central tendon of the diaphragms of two dogs. The per¬ 
meability was 2.65 X 10~*. 

Muscles, both of frogs and mammals, are more freely permeable to 
COj than connective tissue or frog skin. Twenty-six determinations, 
on the combined extemus and intemus obliquus muscles from the ab¬ 
dominal wall of the frog, gave an average value of 5.29 X 10"*, uncor¬ 
rected for the thin layers of connective tissue. A correction for 
connective tissue, estimated at 5 per cent of the total thickness, gives 
a value of 5.4 X 10"*. The permeability seems to vary somewhat with 
the season, being somewhat lower in the winter months. This differ¬ 
ence, however, may be due only to the difference in batches of frogs 
used. The single determinations on the diffusion through mammalian 
striated and smooth muscle are not greatly different from the average 
value for frog muscle. The values for mammalian muscles have both 
been corrected for the layers of connective tissue. The thickness of 
these layers (measured) was equal to 15 per cent of the total thickness 
and the correction made on the basis of the permeability measurements 
given for connective tissue in Table I. Allowance for connective tissue 
raises the permeability constant from 4.4 X 10"* to 4.7 X 10"* as given. 

The frog muscles were still slightly irritable at the end of a determi¬ 
nation and the frog skin appeared to be in good condition. The mam¬ 
malian tissues were used directly after removal from the animal and 
were definitely not “normal” after 2 to 4 hours at 22°C. However, 
there was no marked change in permeability over this period. 

The amount of CO 2 produced by metabolism in the tissue has been 
neglected in the calculation of the above constants, since it forms as a 
maximum only 1 part in 100 of the total gas diffusing. 

Absorption Coefficient .—^Diffusion rates expressed as a permeability 
constant (P) are useful when considering the diffusion of gases in a 
steady state; i.e., when equilibrium has been established and the con¬ 
centration gradient remains constant. When dealing with the kinetics 
of diffusion, however. Pick’s diffusion coefficient {K = P/a), as given 
above, must be known. The determination of the absorption coeffi¬ 
cient (a) presents some difficulty since CO* is present both in the physi¬ 
cally dissolved and in the bicarbonate form. If the bicarbonate ion 
assists in the diffusion of CO* in the steady state then the diffusion 

P 

coefficient for total COi will he K = —where 5 is a modifying fac- 
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tor due to the presence of CO* in the form of bicarbonate. If the 
bicarbonate ion does not diffuse appreciably we can proceed as though 
it were not present except for the slight salt effect which it may have 
on the solubility of CO*. The following evidence indicates that the 
diffusion of bicarbonate is negligible when determining permeability. 

In order that the permeability (P) should remain constant at differ¬ 
ent experimental gas tensions, the amount of diffusable CO* dissolved 
must be a linear function of the gas tension. That the total CO* 
absorbed by tissues is not proportional to the tension is evident from 
the CO* dissociation curves of muscle and nerve as determined by Fenn 
(1928 b ). Above 50 mm. Hg tension of CO*, the amount of combined 
CO* (bicarbonate) is relatively constant. Assiuning that bicarbonate 
diffused alone, the gradient or diffusion pressure would be practically 
the same for tensions of CO* above 50 mm. of Hg. This would mean 
that approximately equal amounts of CO* would be transported over 
a wide range of experimental gas tensions and the permeability con¬ 
stant would vary with the tension used. Inasmuch as the perme¬ 
ability is found to be constant and independent of tension, it might 
be inferred that bicarbonate contributes but little to the total diffusion. 

The experiments on the permeability of parchment paper (Table I) 
give a further indication of the small part played by bicarbonate in 
the total carbon dioxide transport. The first two determinations on 
parchment soaked in Ringer’s solution (bicarbonate free) gave perme¬ 
ability constants 1.34 and 1.36 X 10"^. The two determinations on 
the same membrane soaked in 0.15 m bicarbonate solution gave the 
permeability constants 1.52 and 1.55 X 10“^, an increase of about 12 
per cent. If such a concentration of bicarbonate increases the rate 
of diffusion only by 12 per cent, it seems reasonable to assume that in 
tissues where the bicarbonate concentration is but one-tenth as great 
(approximately 0.015 m), bicarbonate would contribute a negligible 
amount to the total diffusion. 

It was thought at first that acidification of the tissue would solve 
this difficulty by removing the bicarbonate. However, such a pro¬ 
cedure (Table I) so lowers the resistance offered by the tissue that dif¬ 
fusion is even faster with only dissolved CO* present. 

Since bicarbonate contributes so little to the total diffusion, only 
the physically dissolved CO* has been considered in the determination 
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of the absorption coefficient. This amount may be estimated, assum¬ 
ing that COj dissolves in the tissue as though it were 80 to 83 per cent 
water and the solids were inert. The carbon dioxide absorption coeffi¬ 
cient for water at 22®C. is 0.829 cc. (Landolt-Bomstein tables). On 
this assumption the tissues would take up 0.67 cc. per cc. at 22°C. 
under a pressure of one atmosphere. 

The work of Van Slyke (1928) on the solubility of COj in acidified 
blood corpuscles shows that the organic constituents of tissue are not 
inert but dissolve COj. On the basis of Van Slyke’s figure of 0.45 cc. 
for the absorption coefficient of COj in acidified ox red blood corpuscles 
(71.7 per cent HjO) at 37**C. an estimate can be made of the solubility 
in acidified muscle or other tissue at 22°C. Assuming that the tem¬ 
perature coefficient for COj solubility in tissues is the same as for water 
(—0.017 cc. per degree) and correcting for the difference in water 
content, one arrives at the figure 0.77 for the solubility coefficient of 
COj in acidified tissues. This value is higher than the solubility 
(0.67 cc. per cc.) as calculated from the water content. 

Van Slyke was unable to analyze for CO 2 on acid solutions contain¬ 
ing more than 25 per cent cells due to the viscosity of the solution. 
His value of 0.45 cc. for the solubility in 1 cc. of cells was obtained 
by extrapolation from 25 per cent to 100 per cent cells. A determina¬ 
tion of the solubility of CO 2 in tissues based on his extrapolated figure 
and requiring correction for temperature and water content is rather 
indirect. It was, therefore, thought advisable to make some actual 
determinations of the absorption coefficients for CO 2 in the tissues 
used. The apparatus and procedure used for this purpose are g'ven 
above. 

Table II, Column 2, shows the results of the solubility determina¬ 
tions made on frog skin and muscle acidified with n/10 HCl. The 
average value 0.78 cc. per cc. for the absorption coefficient for CO 2 in 
frog skin agrees almost exactly with the value calculated from Van 
Slyke’s data on acidified red blood corpuscles and is somewhat lower 
than the coefficient of solubility for CO 2 in water (0.829 cc. at 22®C.) 
as given in the Landolt-Bbrnstein tables. The average value for the 
solubility of CO 2 in acidified muscle is somewhat higher (0.84 cc. per 
cc.). The water content of the frog skins increased on an average 6 
per cent, due to acidification, so that the value for the solubility of CO 2 
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in normal tissue is probably somewhat less, 0.73 cc. per cc. for frog 
skin. A similar correction for increased water content of muscle 
(average increase 8 per cent) gives a value 0.78 cc. per cc. for the 
solubility of CO* in normal muscle. The corrected values have been 
used in all calculations below. 


TABLE II 

The Absorption Coefficients and Diffusion Coefficients for COt in Acidified Tissues, 
as Determined by the Volumetric Method 



No. of deter- 

Absorption 

Determina- 

Diffusion 


minations 

coefficient 

tions 

coefficient 

Acidified frog skin. 

11 

0.78*"“ 

9 

6.7*"» 

Acidified muscle. 

10 

0.84±o.(«4 

7 

6.4*»» 


All determinations at 22°C. 
Probable error is given. 


TABLE III 

Averages of Carbon Dioxide Diffusion Coefficients Determined by the Barium- 

Hydroxide Method 


Membrane 

No, of deter¬ 
minations 

Permeability 

constant 

Absorption 

coefficient 

Diffusion 

coefficient 



XfO* 

cc./cc. 

xio* 

♦Rubber. 

3 

0.48 

msm 

0.51 

Frog skin. 

25 

3.05 

WSM 

4.18 

Frog skin (acidified). 

4 

4.47 

0.78 

5.7 

Frog muscle. 

26 

5.29 

0.78 

6.8 

Muscle (dog). 

1 

4.7 

0.78 

6.0 

Smooth muscle (cat). 

1 

5.0 

0.78 

6.4 

Connective tissue fdog). 

2 

2.65 

0.73 

3.6 


Permeability expressed as cc. per cm.^ per min. under a gradient of one atmos¬ 
phere per cm. X 10^ 

* Absorption coefficient based on Wroblewski’s equation for the solubility of 
CO* in rubber, as given by Glazebrook. 

Difusion Coefficient .—Table III contains the averages of the CO* per¬ 
meability constants as determined by the barium hydroxide method, 
together with the CO* diffusion coefficients as calculated by means of 
the solubility coefficients of Table II. The absorption coefficient for 
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rubber has been calculated from Wroblewski’s equation (see Glaze- 
brook) for the solubility in water-saturated rubber (a »= 1.2779 — 
0.01576/). The absorption coefficient for connective tissue has been 
arbitrarily taken as equal to that of frog skin. 

The figures given for the diffusion coefficient indicate that all types 
of muscle offer approximately the same resistance to the diffusion of 
COj. On the other hand this gas is very much retarded when passing 


TABLE iv 

The Difusion of Carbon Dioxide in Various Media 


Medium 

Temper¬ 

ature 

Permea¬ 

bility 

constant 

Absorp¬ 

tion 

coefficient 

Diffusion 

coefficient 


Water. 

-c. 

16 

X to< 

9.4 

ccjcc. 

0.99 

X /(H 

9.5 

Hiifner, 1897 
Daynes, 1920 
Wright 

Hagenbach, 1898 
Krogh, 1919 
Wright 

Fenn, 1928 

Rubber. 

17 

0.44 

0.86 

0.51 

Rubber. 

22 

0.48 

0.93 

0.51 

Gelatin 20 per cent. 

15 

5.9 

1.0 

5.9 

Connective tissue (frog). 

20 

4.0 

0.73 

5.5 

Connective tissue (dog). 

22 

2.7 

0.73 

3.7 

Muscle (frog). 

22 

0.85 

0.78 

1.17 

Muscle (frog). 

22 

5.3 

0.78 

6.8 

Wright 

Wright 

Wright 

Fenn, 1928 

Muscle (dog). 

22 

4.7 

0.78 

6.0 

Smooth muscle (cat). 

22 

5.0 

0.78 

6.4 

Nerve (frog). 

22 

0.55 

0.78 

0.71 

Frog skin. 

22 

3.1 

0.73 

4.2 

Wright 



Permeability is expressed in cc. per cm.^ per min. under a pressure gradient 
of one atmosphere per cm. X 10^. 

The coefficient of Daynes has been multiplied by 60 and the coefficients of 

Hiifner and Hagenbach multiplied by to change the units to minutes. 

1440 

Krogh’s value has been divided by and Fenn’s figure multiplied by the proper 
absorption coefficients to complete the table. 

through connective tissue or frog skin, the diffusion coefficient for 
these tissues being only 60 per cent of that for muscle. The explana¬ 
tion for this difference must lie in a difference in structure of the tissues. 
For instance the muscle probably has a greater percentage of lymph 
interspaces than skin or connective tissue, and diffusion in such spaces 
should be as fast as in water (Table IV). 
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In this connection it should be mentioned that the term diffusion 
coefficient is here applied to a membrane of tissue composed of many 
layers, involving different absorption coefficients and diffusion coeffi¬ 
cients (Osterhout, 1933). However, the fact that the rate of saturation 
(Fig. 6) so nearly follows the theoretical based on an equation devel¬ 
oped for an homogeneous medium, warrants the use of the term until 
more is known concerning diffusion in each layer. 


Percent 



Time 


Fig. 5. Circles show the rate of saturation of a sheet of acidified frog skin with 
CO}. Curve shows the theoretical rate of saturation when the diffusion coeffi¬ 
cient is 6.8 X 10~*. Lower line shows the relation between — log (1 — Q/Qi) 
and t in Equation 4. t 

Diffusion Coefficients Determined by Volumetric Method. —Fig. S shows 
the graph of a typical experiment in which a piece of acidified frog 
skin saturated with hydrogen, was suddenly exposed to an atmosphere 
of CO 2 in a volumeter. The circles show the rate of saturation as 
indicated by the movement of the kerosene drop. The theoretical 
rate of saturation at different times as determined by substitution of 
6.8 X lO"^ for K in Formula 4 above is shown by the curve. The 
experimental values follow closely the theoretical. The points on the 
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lower line represent -log (1 — Q/Qi) plotted against time and they 
fall regularly about a straight line up to 8 minutes, corresponding to 
90 per cent saturation. The slope of this line is an average value for 

-iog(i-Q /<2i) 

t 


which when substituted in Equation 4 gives the value 


6.8 X 10“^ for K, the tissue having a thickness of 0.083 cm. 

From Formula 4 it is seen that all values of Q/Qi (per cent satura¬ 
tion) when plotted against t/a^ should fall on a single curve. Fig. 6 


Percent 



Fig. 6. Graph shows all the experimental points (per cent saturation) obtained 
by the volumetric method on acidified frog skin and muscle, plotted against </o* X 
10*. The curve shows the theoretical saturation when the diffusion coefficient 
is 6.5 X 10“* at all values of //o* X 10*. 


shows a graph of all the experimental points obtained on acidified frog 
skin and muscle together with the theoretical curve for K = 6.5 X 10~<. 
The points fall regularly about the theoretical curve up to 90 per cent 
saturation. The last 10 per cent of saturation lags behind the theoreti¬ 
cal rate. The reasons for this probably are (1) that the tissues were 
not entirely uniform in thickness over the total area and (2) that a 
small fraction of the tissue was held between a brass disc and a split 
ring approximately doubling the effective thickness at the edges. 
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A summary of the diffusion coefficients obtained with acidified 
tissues by the volumetric method is given in Table II. The average 
coefficient for frog skin is 6.7 X 10~* and for muscle 6.4 X 10“^ with 
the probable error as shown. The value for frog skin can be directly 
compared with the diffusion coefficient (5.7 X 10~*) as obtained on 
acidified skin by the barium hydrate method (Table IV). The agree- 


Percent 



Fig. 7. Graph showing the different rates of saturation of non-acidified muscle 
(0.380 mm. thick) when exposed to different tensions of CO*. The lower curves 
show the rate of saturation in atmospheres of 30 per cent and 100 per cent CO 2 
as indicated. The broken curve shows the theoretical rate of saturation (K — 
6.0 X 10-«). 

ment must be considered good. Larger variations in the determi¬ 
nation of the thickness of a relatively large area of tissue when 
stretched over a brass plate together with the fact that fewer volu¬ 
metric determinations were made lead the author to believe that 
the value 5.7 X 10“* is the more exact. Acidified muscle tears and 
splits very easily and a satisfactory determination of its permeability 
has not been possible. 
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The Rate of Saturation of Non-Acidijied Tissues 

When base is available for the formation of bicarbonate the rate 
of saturation of a tissue with CO* is definitely changed. This is 
shown in Fig. 7 where the rate of saturation of a disc of frog muscle 
(0.380 mm. thick) is plotted against time in minutes. The two 
lower curves show the experimentally determined rates of saturation 
of the same tissue at the CO 2 tensions indicated. The upper curve 


Fer cent 



Time 


Fig. 8. Graph showing the different rates of saturation of a double layer of 
non-acidified frog skin (0.610 mm. thick). The lower curves show the rates of 
saturation at the COj tensions indicated and the broken curve the theoretical 
rate of saturation {K - 4.1 X 10“^) if bicarbonate were not present. 

shows the theoretical rate of saturation if bicarbonate were not present. 
Fig. 8 is a similar graph for a double layer frog skin (0.610 mm. 
thick). The curves given are typical of twenty-two determinations 
on muscle and eleven determinations on frog skin. The rate of 
saturation is slower in the presence of bicarbonate and furthermore is 
dependent on the COj tension to which the tissue is exposed, being 
slower at 220 mm. Hg than at 730 mm. Hg COj tension. 
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It has been assumed that saturation is complete when the kerosene 
drop of the volumeter has reached a constant rate of movement. 
After saturation (20 to 30 minutes) the drop moves uniformly toward 
the experimental bottle at an average of 1.3 mm. per minute, rep¬ 
resenting a CO 2 absorption of 12 c.mm. per gm. per minute. This is 
more than five times the maximum rate of absorption due to phospho- 
creatine hydrolysis when sartorius muscles are exposed to an atmos¬ 
phere of CO 2 (Lipmann and Meyerhof, 1930). 

It should also be mentioned that after allowing for the large drift 
the amount of bound CO 2 (total minus H 2 CO 2 ) at saturation is ap¬ 
proximately twice as great as that found by Fenn (19286) and Root 
(1933) at tensions of 70 mm. and 220 mm. Hg. The only apparent 
reason for this discrepancy is that the tissues were stretched tightly 
over a brass disc and in the work quoted they were at rest. 

DISCUSSION 

Table IV contains a collection of diffusion coefficients for CO 2 in 
various media. CO 2 diffuses in muscle approximately 65 per cent as 
rapidly as in water. In connective tissue and frog skin the diffusivity 
is even slower, about 40 per cent of that in water. The diffusion coefiS- 
dent for gelatin is very nearly that for muscle. Krogh’s value for 
the permeability of connective tissue is somewhat high as he judged. 
Fenn’s “approximate” values for the diffusion coefficients for CO 2 in 
muscle and nerve are too low. They were calculated from the experi¬ 
mentally determined rate of saturation by means of Formula 4 given 
above. This formula does not apply when a chemical reaction takes 
place to change the rate of diffusion, in this case CO 2 to bicarbonate. 

From Graham’s law, that diffusion is inversely proportional to the 
square root of the molecular density, O 2 should diffuse 1.18 times as 
fast as CO 2 . This law holds for these gases diffusing in water and is 
approximately true for diffusion in connective tissue. However, 
Krogh’s value (1919) for the diffusion coefficient for O 2 {K = 4.5 X 
10“*) is less than the diffusion coefficient for CO 2 (6.8 X 10“*) in frog 
muscle. This is not a unique exception to Graham’s law since Daynes 
(1920) found that H 2 diffused in rubber much more rapidly than would 
be expected in comparison with other gases. 
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It is a pleasure to acknowledge my indebtedness to Professor W. 0. 
Fenn who suggested this problem and assisted me with advice and 
encouragement throughout the progress of the work. 

SUMMARY 

1. Two methods are given for measuring the rate of diffusion of CO* 
in tissue membranes. Methods are also given for the determination 
of tissue thickness and the absorption coefficient for CO 2 in tissues. 

2. The values obtained for the permeability constant (P X 10<) at 
22°C. for CO 2 in the following tissues are:—frog skin, 3.05; connective 
tissue (dog), 2.65; smooth muscle (cat), 5.00; frog muscle, 5.29; striated 
muscle (dog), 4.70. P is expressed as cc. per cm.* per minute under a 
pressure gradient of one atmosphere per cm. 

3. Evidence is presented to show that in a “steady state” bicarbo¬ 
nate contributes a negligible amount to the diffusion of CO 2 . 

4. The absorption coefficient for CO 2 in frog skin is 0.73 cc. per cc. 
and for frog muscle 0.78 cc. per cc. 

5. In all of the tissues studied the diffusion of CO 2 is slower than in 
water. The diffusion coefficients {K X 10* in cm.*/minute) at 22°C. 
for tissues as compared with water are:—^water (16°C.), 9.5 (Hufner, 
1897); frog skin, 4.1; connective tissue, 3.7; frog muscle, 6.8; striated 
muscle (dog), 6.0; smooth muscle (cat), 6.4. 

6. The time course of saturation of a tissue with C02 is altered in 
the presence of available base. Non-acidified tissues saturate more 
slowly than acidified tissues and the rate of saturation is dependent 
on the CO 2 tension. 
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FERTILIZATION AND THE TEMPERATURE COEFFICIENTS 
OF OXYGEN CONSUMPTION IN EGGS OF 
ARBACIA PUNCTULATA* 

By B. B. RUBENSTEIN and R. W. GERARD 
{From the Marine Biological Laboratory, Woods Hole) 

(Accepted for publication, December 22, 1933) 

Since Warburg’s (19, 20) pioneer work on Arbacia pustulosa ex¬ 
tended by Loeb and Wasteneys to Arbacia punctulata, it has been 
accepted that there is a several-fold increase in respiratory rate on 
fertilization. Recent work on the latter form (16,17, 21) has set this 
increase as about fivefold. The early experiments showed further 
that the respiratory increase could not be equated to the morphogenetic 
increase, for one could be obtained independently of the other. It 
was not, consequently, so revolutionary when other eggs were found 
which showed no respiratory change on fertilization (for details, see 
Needham (12)), or even manifested a decrease (21). The findings we 
present are, in a sense, another step in the same direction; for it appears 
that in Arbacia itself the magnitude or even presence of an increase of 
respiration on fertilization depends on the experimental temperature 
chosen.^ The observation that the temperature coefficient of unferti¬ 
lized egg respiration drops to a value less than half as great on fertiliz¬ 
ing (or cytolyzing) has led us, further, to conclusions regarding the 
catalytic respiration system of these eggs which turn out to be in full 
harmony with those reached by Runnstr5m (14) from entirely differ¬ 
ent evidence. 

Method 

The eggs were prepared and evaluated as described in the preceding paper (7). 
Each lot was then divided into three portions. One was left untouched; the eggs 


* This work was supported in part by a grant from The Rockefeller Foundation 
to the University of Chicago. 

* Needham (12, p. 659) mentions work of Faur6-Fremiet hinting at a similar 
situation in Sabellaria. 
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TABLE I 
Sample Protocol 

August 7,1933. Oxygen consumption of A rbacia eggs at various temperatures. 

Each vessel contains 1.0 cc. of egg suspension and 0.2 cc. of n NaOH. Allowed 
to come to temperature equilibrium before readings were taken—30 min. 54 
round trip shakes per min., arc 5.5 cm. 

Values in table are corrected manometric pressure differences in mm. Brodie 
fluid, per hour. 

The fertilized eggs did not divide before 110 min. at 14.3®C. 

Egg counts: Resting: 256 X lOVcc.; fertilized: 192 X lOVcc.; cytolyzed: 98 X 
10*/cc. Egg diameter average 73.8 /z. 


Time 

Fertilized 

Resting 

Cytolyzed 

Temper¬ 

ature 

Resting 

Ferti¬ 

lized 

Temper¬ 

ature 

K - 

0.878 

K - 

0.838 

K - 

0.953 

K - 
0.844 

K « 
0.763 

K - 
0.841 

K - 
0.902 

K - 

0.929 

mm. 

■1 






B| 

■1 


•c. 

0-20 


14.2 

1.8 

2.6 

1.8 

1.0 


10 



■59 

eg 

15.0 

3.9 

2.7 

0.7 

1.1 


Ira 




14.0 

14.1 

3.0 

3.1 

1.0 

0.9 

■ 

BO 

30.5 


(Qo.).... 

65.4 

62.8 

8.6 

9.2 

9.2 

8.6 

14.3 

41.9 

146 

24.0 


13.4 

m 

2.6 

2.2 

1.8 

1.2 

■1 

10.2 

30.2 



14.2 


2.4 

2.5 

1.2 

1.2 

H 

10.1 

29.9 


(QoJ.... 

63.1 

58.2 

9.3 

7,9 

11.7 

10.3 

14.3 

35.6 

139 

24.0 

0-20 

27.9 

IS 

m 

11,0 

3.8 

3.7 


10.9 

29.9 


21-40 

28.1 

tm 

in 

10.9 

3.7 

3.7 


10.9 

30.0 



28.0 

27.5 

11.0 

11.3 

3.5 

3.5 


11.0 

29.8 


(QoJ.... 

128 

120 



28.0 

30.9 

21.1 

38.9 

135 

24.0 

0-20 

45.8 

45.1 


28.9 

6.0 

6.1 


11.0 

30.2 


21-40 

44.8 

44.8 

29,8 

30.0 

6.0 

5.9 


10.8 

29.9 


41-60 

45.9 

44.6 

28.6 


5.9 

5.8 


10.7 

29.6 


(Qot)..-- 

196 

185 

132 

115 

! 

47.3 

48.2 

27.6 

38.4 

136 

24.0 


in a second were fertilized by adding freshly shed sperm (the excess was washed 
off after 15 minutes); and those in the third were cytolyzed by adding three 
volumes of distilled water. Cytolysb was complete within half an hour. The 
oxygen consumption of each portion was then determined manometrically. 
Shaking was at the rate of 54 per minute, arc 5.5 cm., which controls proved 
adequate to insure oxygen equilibrium without injury (tested by fertilization 
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after S hours of shaking). Readings were made every 20 minutes, care being 
taken that the manometers were in temperature equilibrium before starting. 

Aliquots of each portion were subjected simultaneously to two temperatures; 
and one set was subsequently (after 2 hours, usually) run at one, often two, 
more temperatures. Tests showed that the order of exposure to high or low 
temperatures was immaterial, and in practice the order was mixed. The actual 
values were generally chosen over a wide range, favoring an accurate determina- 


TABLE II 

Summary of Data on Oxygen Consumption of Arbacia Eggs at Temperatures between 

irc. andZQ.rC. 


Date 

Lower 

temper¬ 

ature 

^0* 

Higher 

temper¬ 

ature 


Qio 

Resting 

Ferti¬ 

lized 

Cyto- 

lyzed 

Rest¬ 

ing 

Ferti¬ 

lized 

Cyto- 

lyzed 

Rest¬ 

ing 

Ferti¬ 

lized 

Cy to- 
lyzed 

July 

29) 

16.4 

14.0 

80.0 


18.2 

18.0 

82.6 

12.0 

4.2 

1.6 

1.7 

u 

29/ 





21.1 

22.3 

84.5 

10.9 

4.3 

1.7 

1.5 

it 

25 

21.7 

12.5 



30.6 

50.3 



4.2 



it 

27 

17.4 

12.6 

96.2 

10.4 

24.2 

28.1 

133 

18.0 

3.9 

1.9 

1.8 

August 

1 

21,0 

13.2 

65.0 

8.9 

28.1 

41.5 

no 

17.1 

4.3 

2.0 

2.1 

u 

2 

26.0 

24.0 

74.4 

14.8 








it 

3 

13.0 

8.8 

77.8 

12.7 

24.1 

35.3 

149 

25.5 

4.0 

1.9 

2.0 

a 

4 

15.5 

12.0 

79.9 

8.0 

24.0 

29.3 

135 

17.3 

3.7 

1.7 

2.1 

it 

5 

15.0 

11.7 

70.8 

8.1 

24.0 

38.5 

140 

15.5 

3.8 

1.8 

1.9 

a 

7 \ 

14.3 

8.6 

65.4 

8.6 

24.0 

41.9 

146 


4.2 

1.8 


it 

7/ 

21.1 

40.2 

125 

29.1 

27.6 

120 

190 

48 

4.1 

2.0 

1.9 

ti 

8 \ 

13.0 

9.1 

83.5 

11.3 

24.0 

42.2 

135 

21.9 

4.2 

1.7 

1.9 

a 

8/ 

19.9 

39.6 

123 

18.4 

29.9 

139 

222 

37.1 

3.9 

1.8 

2,0 

it 

9 \ 

14.6 

14.2 

101 


24.3 

55.7 

199 


4.0 

2.0 


it 

9 / 





28.5 

115 

235 


4.1 

1.9 


it 

10 

11.0 

7.0 

68.1 


20.3 

29.2 

139 


4.1 

2.0 


a 

11 

21.8 

18.9 

94.2 









u 

12 

29.0 

53.6 

111 









Averag 

;e... 









4.1 

1.8 

1.9 











tion of the Qio ratio. The temperature of the water bath could be changed 
rapidly by the addition of steam or of ice. The desired temperature was main¬ 
tained constant within 0.1°C. during a run. 

RESULTS 

The data of a typical experiment are presented in Table I. It is 
immediately evident that at different temperatures the respiration of 
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fertilized, resting, and cytolyzed eggs are in different ratios to one 
another. 

Table II summarizes all the data obtained. A day-by-day tabula¬ 
tion is necessary, since the absolute respiration varies greatly from 



batch to batch of eggs. It is apparent that the temperature coefficient 
of the resting eggs (average 4.1) is more than double that of the ferti¬ 
lized (1.8) or c 3 rtolyzed (1.9) eggs. The ratio of the rate of oxygen con- 
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sumption of fertilized to resting eggs is consequently variable. This 
ratio is plotted against temperature in Fig. 1 and is seen to vary from 8 
at 11°C. to 2 at 30°, or, by extrapolation, 1 at 32°. Although a single 
straight line can be fitted to the observed points, two straight lines 
intersecting at about 21°C., as plotted, afford much better agreement. 
That such a break is real, is further supported by its appearance at the 
same temperature in the plot of n for fertilized eggs (see Fig. 2). 



The critical thermal increment is, perhaps, a more rational expres¬ 
sion of temperature relations than the simple Qw (see Crozier (3, 4); 
and Navez (11)). It is obtained from the van’t Hoff-Arrhenius 
equation 

y.- Vte r.-' 

where V is the velocity at temperature T, e and R have the usual sig¬ 
nificance, and ft is the critical thermal increment. The equation is 
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solved graphically, as in Fig. 2, by plotting the logarithm of velocity 
against the reciprocal of absolute temperature; the slope of the re¬ 
sultant curve is then — The numerical value of n, according to 

the original theory used in deriving the equation, is a measure of the 
energy (in calories per mole) required to raise a reactant to its critical 
level for activity. It has been urged, however, (5) that this reactant 
may be the catalyst of a particular reaction, or at least a particular 
catalyst-substrate system (2), which may then be identified by the 
value of fi. For a complicated reaction chain, as in cell oxidations, 
the n value might be that of the slowest (master) reaction. The values 
found in these experiments are familiar ones. Those of fertilized 
eggs, 6,500 and 10,800, have, for example, been found for H+ catalyses; 
that of resting eggs, 12,500, for iron catalyses (3). The value for 
cytolyzed eggs is not significantly different from the 6,500 of ferti¬ 
lized eggs. 


DISCUSSION 

When Arbacia eggs are fertilized the respiration may be increased 
eight times, at 11°, or doubled, at 29.9°. Extrapolation indicates 
that no increase would occur at 32°C. Since other eggs are now known 
which do not alter, or actually decrease, their respiration when ferti¬ 
lized, the interesting question presents itself whether similar tempera¬ 
ture relations hold for them. It is not impossible that, for each egg, 
particular temperatures may be found at which fertilization increases, 
decreases, or does not alter the resting respiration rate. At least it is 
clear that temperature as well as species must be considered in any 
future generalizations concerning fertilization and respiration; and 
further exploration of temperature coefficients in other species and 
conditions is to be awaited. 

It remains to consider the significance of the sharp change in tem¬ 
perature coefficient on fertilizing or cytolyzing the resting egg. This 
change seems of deeper significance than any alteration of the respira¬ 
tory rate, since this latter is variable and is partly a consequence of the 
coefficient change. Also a change in ju indicates a shift in the catalytic 
system which would not be necessitated by a mere changing of the rate. 
This shift, moreover, involves the original egg system since great 



B, B. RUBENSTEIN and R, W. GERARD 


683 


changes occur in 2 to 3 minutes after fertilization, when the sperm is 
still external to the egg membrane (IS). Also, according to Loeb (9), 
parthenogenetic activation leads to typical changes of fertilization; 
and our own findings show that cytolysis leads to the same change of 
coefficient as does fertilization. A particular contribution of enzyme 
(or substrate) by the sperm is thus, apparently, excluded, so the sig¬ 
nificant change is to be sought in the egg proper. 

It was early pointed out (1,18) that in a concatenated reaction chain 
the speed of the total reaction is controlled by that of the slowest 
member; and, further, as temperature, concentration of H+ or other 
substances, etc., are changed, one or another of the individual reactions 
may become the slowest. Such an interpretation has been successfully 
applied to many in vitro reactions (13). In the case of the egg, the 
same total reaction—foodstuff plus oxygen forming carbon dioxide, 
etc.—continues after fertilization, sometimes at the same rate. But 
whether the rate be increased on fertilization or decreased on cytolysis 
or unchanged, the factor limiting this rate is different from that operat¬ 
ing in the unfertilized egg. A chemical change is further documented 
by the amazing morphogenetic changes released by activation. 

Further analysis of the reactions involved remains hypothetical 
pending more experimentation. It is not without interest, however, 
to consider in this connection some of the facts regarding activation. 
There is evidence that activation depends in part on surface changes. 
Agents, like narcotics, which can displace substances from adsorbing 
surfaces, act as activators. Heat, also effective, may partly disor¬ 
ganize surfaces and adsorbed material; and moderate surface injury, 
produced by cytolyzing agents (NaOH, hypertonic NaCl), likewise 
activates. The activator, then, tends to disorganize existing cell 
surfaces, micellar or membrane, and so liberate for free reaction in 
solution the partly bound and inactive enzyme or substrate. Com¬ 
plete cytolysis would clearly act in the same way, though complicated 
by actual destruction of some catalytic material. It will be important 
to determine, for example, if the respiration of eggs activated with 
hypertonic saline shows the temperature coefficient of fertilized eggs. 

Although non-penetrating acids decrease respiration (20), appro¬ 
priate treatment with penetrating acids leads to activation. This has 
been studied especially by Lillie (8) for Asterias, and he has been led 
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to the view that increased intracellular acidity (possibly just within 
the membrane) leads to activation. Possibly surface disorganization, 
with effective increase of reactants, and increased H+ concentration 
act together in initiating the new events. It may be noted that the /x 
values of the fertilized egg respiration are numerically those attributed 
to H+ catalyses (3). 

Runnstrom (14) found that carbon monoxide (and cyanide in low 
concentration),while barely diminishing the respiration of unfertilized 
eggs, greatly decreased that of fertilized ones. Urethane actually 
increased resting respiration while cutting that of fertilized eggs to 
about the same level. He concluded that a limited contact of respira¬ 
tory enz 5 nne and substrate determined reaction velocity in the inactive 
egg, hence that considerable enzyme might be poisoned with no de¬ 
crease in oxidations. With these substances freed to react by col¬ 
loidal changes in the active egg, the inhibitors manifest their usual 
effect by binding enzyme. In exactly the same way, the high tempera¬ 
ture coefficient of resting eggs might document the influence of tem¬ 
perature on the state of adsorption, while the lower one, of structurally 
disorganized eggs, measures the direct effect of temperature on the 
speed of reaction. Change in colloidal state, e.g. gelation of gelatin, 
or membrane structure, e.g. in nerve (6), often shows a remarkably 
high temperature coefficient; and the fraction of free reactants released 
from the adsorbed bulk would be similarly sensitive to temperature. 
Further temperature studies should help to check these interpretations. 

We wish to thank Dr. Ralph S. Lillie for his kind assistance. 

SUMMARY 

The eggs of A. punctidata have a high temperature coefficient in the 
resting state: Qw = 4.1. 

On fertilization and on cytolysis the temperature coefl&cient falls to 
less than half the resting value: Qio = 1.8 and 1.9 respectively. 

The factor by which oxygen consumption increases on fertilization 
is a variable, its magnitude depending on temperature as well as on 
egg species. It is nearly ten times greater at 11°C. and only double 
at 29.9®C. By extrapolating to 32®C. there would be no increase on 
fertilization. 



B. B. RUBENSTEIN AND R. W. GERARD 


685 


Critical thermal increments common to many oxidations, 6,500, 
10,800, and 12,500, have been found. 

The possible significance of these results is discussed in relation to 
the catal)d:ic mechanisms and structural organization of the egg cell. 
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I 

The work of Julius Sachs (10) published in 1860, and in particular 
his discussion of the results, served to introduce two concepts into 
plant physiology, that of minimal, optimal, and maximal temperatures, 
and that of the grand period of seedling growth. Each of these phe¬ 
nomena has received the attention of numerous workers since that 
time but there have been relatively few attempts to combine the two 
fields of interest and to follow the course of growth of seedlings cultured 
in darkness at several constant temperatures throughout their entire 
growth period. The work of Sierp (11), Hamada (4), and Silber- 
schmidt (12) on the growth of oat coleoptiles belongs in this class, as 
does that of Edwards, Pearl, and Gould (1) on Celosia cristata seed¬ 
lings. Silberschmidt also tested pea and rice seedlings and contrib¬ 
uted an interesting analysis of the problem. 

The present paper deals with the growth of Cucumis melo seedlings 
in darkness at seven constant temperatures between 15° and 40°C. 
inclusive. While we have accumulated in this laboratory during the 
past 10 years a considerable volume of unpublished observations on the 
effect of temperature on the growth of canteloup seedlings, so far as 
is known the only published work on the temperature relations of 
growth in this species are those of de Vries (14) who found greater 
growth at the end of a 48 hour period at 37.2° than at any of the other 
three temperatures he tested. Gregory (3) has made interesting 
temperature tests of another sort on Cucumis scUivus seedlings grown 
in light which indicate a much lower optimal temperature range than 
was found in de Vries’ experiments or in those presented here. 
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The cultural methods used in the experiments reported here are essentially 
those used in other experimentation on canteloup seedlings reported from this 
laboratory (2,6,8) and they may be stated briefly as follows: Seeds from a single 
melon were freed from their testas, weighed, and only those whose weights fell 
between 0.0200 and 0.0240 gm. were used. They were immersed 1 minute in 
1:1000 HgCli solution, rinsed once, and soaked 3 hours in sterile distilled water 
in individual vials. They were planted in previously sterilized glass tubes, 44 cm. 
long and 2 cm. in diameter, containing 25 cc. of 1 per cent agar (the 30° tubes 
contained 40 cc.) made up in Rnop’s mineral salt nutrient solution, instead of 
distilled water as in the other experiments. Another difference in the procedure 
used here consisted of forcing 80-90 cc. of air into each tube daily, but comparative 
tests (8) showed that this did not improve growth. The tubes were kept in 
darkness in constant temperature chambers and the lengths of the straight portion 
of the hypocotyl, exclusive of the curved portion at the top, were measured imder 
non-actinic ruby light regularly at 24 hour intervals from the time of planting 
of the seeds. 

The purpose of the present paper is to record the description of 
certain experimental observations made in the course of development 
of the program of investigation of seedling growth and duration of 
life, which has been in progress in this laboratory since 1925, and to 
analyze quantitatively the effect of temperature upon the growth of 
Cucumis melo seedlings under a particular set of experimental condi¬ 
tions. A more extensive series of experiments of this kind will be 
reported later, in which Cucumis seedlings were grown with and with¬ 
out mineral salts, at five constant temperatures, and in which the 
respective durations of life were observed. 

n 

Table I shows the mean lengths of Cucumis melo hypocotyls for 
various intervals after planting at six constant temperatures, (jermi- 
nation and a little root growth occurred at 40° but the hypocotyls 
did not become differentiated. There is a little irregularity in the 
20° data near the end of the growth cycle because observations on two 
series of experiments were combined; in one series no readings were 
made on the 16th day and in the other none were made on the 17th. 
Although the numbers of seedlings used in these tests are small, never¬ 
theless there was good agreement between the values within each 
series and those obtained by repetition. Except at 15° two or more 
series were run at each temperature and the data were combined. 
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The data show that during the first 2 days of observed elongation 
of the hypocotyl both the 37.5“ and 35“ seedlings were taller than those 
at 30“, but their rapid initial growth was not sustained long, and the 


TABLE I 


Mean Height of Cucumis melo Seedlings at Six Constant Temperatures 


Interval after planting 

15“ 

20“ 

25“ 

30“ 

35“ 

37.5“ 

days 

mm. 

mm. 

mm. 

mm. 

mm. 

mm. 

2 

— 

— 

2.6 

3.1 

8.9 

5.5 

3 

— 

— 

14.1 

24.0 

41.4 

25.0 

4 

— 

2.3 

51.1 

77.0 

89.1 

57.2 

5 

— 

7.8 

101.8 

121.5 

127.4 

91.5 

6 

— ■ 

13.7 

142.3 

166.4 

159.2 

118.5 

7 

— 

31.4 

176.6 

205.3 

178.2 

136.0 

8 

— 

59.0 

203.4 

225.5 

187.5 

146.9 

9 

— 

92.3 

212.1 

236.9 

191.5 

151.9 

10 

— 

120.6 

219.0 

240.4 

192.8 

153.9 

11 

— 

143.8 

221.2 

242.8 

194.2 

154.2 

12 

— 

159.5 

223.6 

243.8 

194.8 

— 

13 

1.0 

167.9 

224.1 

— 

— 

— 

14 

1.0 

172.2 

—- 

— 

— 

— 

IS 


173.1 

— 

— 

— 

— 

16 


178.7 

— 

— 


— 

17 


177.5 

— 

— 

— 

— 

18 


177.8 


— 

— 

— 

19 

7.1 

— 


— 

— 

— 

21 

13.0 

— 

— 

— 

— 

— 

23 

21.9 

— 

— 

— 

— 

— 

25 

35.1 

— 

— 

— 

— 


27 

49.0 

— 

— 

— 

— 1 

— 

29 

61.4 

— 

— 

— 


— 

31 

69.1 

— 

— 

— 

— 

— 

33 

72,3 

— 

— 

— 

— 

— 

35 

73.0 

— 

— 

— 

— 


37 

73.4 

— 

— 

— 

-- 

— 

No. of seedlings... 

7 

13 

17 

18 

17 

11 


30“ cultures finally grew taller than any others. Although the 25“ 
cultures grew more slowly than at 30“ nevertheless they finally grew 
nearly as tall. At 20“ about 4 days were required for differentiation 
and the first appreciable elongation of the hypocotyl. Growth was 
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Fig. 1. Three dimensional diagram showing the observed heights of Cucutnis hypocotyls (represented by heights of 
plotted points) as observed at six constant temperatures for total growth periods of different durations. 
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still slower than at 25® and the final height was less but they grew 
more rapidly and to a greater height than at 15°. 

If, for purposes of comparison, one considers these sigmoid growth 
curves as made up of three portions, a lower part which is convex 
downwards, a nearly straight portion on either side of the point of 
inflection, and an upper part which is concave downward some inter¬ 
esting differences in form among the curves appear. The lower por¬ 
tion is most prominent at the lower temperatures, and as one exam¬ 
ines the curves for successively higher temperatures it becomes less 
conspicuous. An examination of the slope of the central portions 
shows that the 30® seedlings grew most rapidly of all, and the farther 
removed from 30° either above or below that a tested temperature 
lay, the lower was the maximal growth rate observed. As for the 
upper parts of the curves, little difference in form is to be seen. A 
study of the increments of growth serves to confirm these relations 
but this does not require further discussion here. 

The three dimensional diagram in Fig. 1 has been constructed as 
though the curves of Table I had been traced on some material like 
cardboard, then cut out and made to stand perpendicularly and in 
proper order. Intersecting these planes at right angles is another set 
of graphs which shows the heights attained by the hypocotyls after 
growth periods of certain durations at the several constant tempera¬ 
tures. This gives rise to a system of three coordinates; the tempera¬ 
ture scale is laid off along one axis, the number of days after the 
planting of the seeds along another, and the heights of the plotted 
points above the plane formed by the first two coordinates represent 
the mean heights of hypocotyl grown at a given temperature for the 
period of time indicated. The curves passing through these points 
have been smoothed graphically. An attempt has been made to 
allow for the effect of perspective in drawing this diagram; a separate 
scale of height, proportionate to the distance from the vanishing 
point on the left, has been used for each temperature, and all the lines 
of the time and temperature coordinates have been made to converge 
on two vanishing points, one at the left, and one behind the diagram. 

Three dimensional diagrams of this sort have been used by Rahn 
(9) to show the temperature relations of enzyme action and similar 
phenomena, and have long been a commonplace of statistical litera- 
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ture, particularly in the writings of Karl Pearson and his associates, 
and of A. J. Lotka. 

An inspection of the transverse planes connecting culture periods of 
the same duration provides a means for comparing graphically the 
relative heights of the seedlings. The high initial growth rates pre¬ 
vailing at 35® stand out clearly, and the greater relative growth that 
occurs at 30® as time goes on is shown by the slopes of the lines that 
connect the two growth curves. Shifts of the optimal temperature 
with time were first reported by Lehenbauer (5) for maize seedlings, 
and they occur in the data of Talma (13) for Lepidium sativum roots, 
in the work of Silberschmidt (12) for oat coleoptiles, and in particular 
in his experiments on pea epicotyls which had their highest initial 
growth rates at 25® but which attained their greatest length at 12.5®C. 
The data of Edwards, Pearl, and Gould (1) for Celosia show similar 
relations as do the present data for Cucumis. 

Ill 

While Fig. 1 permits a rough visual appreciation of the effect of 
temperature on growth in these experiments, further analysis is essen¬ 
tial to an understanding of the matter. It is obvious that there are 
many variables involved in the growth of any organism. In the 
present case the records taken permit an analysis of three of the basic 
variables in all growth phenomena; namely, yield (here measured by 
length of hypocotyl), time, duration of whole growth period, defined 
as the time from planting to cessation of elongation of the hypocotyl 
and, derivatively from these two, the total time rate of growth {i.e. 
the amount of yield per unit of time). Study of the data of Table I 
brings out the following relationships. 

1. As the temperature deviates from the observed optimum^ (30®), 

* Since the literature indicates a considerable confusion of thought and diversity 
of usage regarding the concept of the optimum temperature for growth, it may 
be well to state that in this paper we use the term to indicate that temperature 
at which the greatest total amount of growth activity occurs. Under the con¬ 
ditions of our experiments with Cucumis melo it is a matter of indifference as to 
whether (a) mean time rate of growth (yield per unit of time spent in growing) 
or (&) mean absolute yield (length of hypocotyl) at the end of growth, be taken 
as the index or measure of “total amount of growth activity.” Thi^ may not 
necessarily be the case with other species or under other experimental c(\pditions. 
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in either the plus or minus direction the yield is reduced. The minus 
deviations in yield, measured in units relative to the yield at the opti¬ 
mum, are fairly closely proportional to the relative deviation in tem¬ 
perature (neglecting signs and having regard to errors of sampling) at 
temperatures near the optimum, but are in excess, proportionally to 
the temperature deviations, at the outer temperatures remote from 
the optimum. 

2. As the temperature deviates in the minus direction from the 
optimum the duration of the whole growth period tends to be pro¬ 
longed, again about proportionally (relatively) to the temperature 
deviations at temperatures near the optimum, but in excess at the 
temperatures more remote. At temperatures above the optimum 
(so far as the data go) the duration of the growth period appears to be 
approximately constant and the same as that at the optimum. 

3. The above relationships at once suggest that the total time rate 
of growth (yield per unit of time over the whole growth period) will be 
found to follow a parabolic relation to temperature, of the general form 

R - a -I- sr + cP, (i) 

where R — rate as above defined, and T = temperature in C° above 
zero. 

This suggested relationship turns out to be the fact, when the rates 
computed from the data of Table I are fitted by least squares with such 
a parabola. The equation so computed is 

R = 4.864r - 0.082P - 53.274, (ii) 

where R — average growth in mm. of hypocotyl per diem over whole 

dR 

period of growth, and T = temperature in C“. Putting - 77 = = 0 from 

dT 

equation (ii) it appears that the temperature at which the average 
time rate of growth of Cucumis melo is at its maximum under the 
conditions of these experiments, is 29.74®C. 

The observations and fitted curve are shown graphically in Fig. 2. 

The fit is an obviously reasonable one, considering the magnitude of 
the data. 

In the discussion up to this point we have taken as a single numerical 
measure of total growth activity of the seedling —a logically necessary 
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statistic if growth activity is to be related mathematically to tempera¬ 
ture—^the mean total time rate of growth (yield per unit of time) 
as defined above. This procedure involves two postulates; namely, 
(1) that the process called growth is a continuous one, at, however, 
widely varying rates, from the time the dry seed is planted and begins 



Fig, 2. Change of time rate of growth of Cucumis melo with temperature. 
Circles give the observations, and the smooth curve is the graph of equation (ii). 

/ 

the imbibition of water, until the process ends, with the cessation of 
enlargement of the plant. In other words this postulate assumes that 
there is no biological discontinuity between the processes of germina¬ 
tion on the one hand and visible growth of the plant and its organs on 
the other hand. (2) That the mean total time rate of growth (as de¬ 
fined earlier and computed in the present instance by dividing the final 
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height of the hypocotyl by the whole number of days of growth from 
planting to the cessation of growth) is a reasonable and efficient single 
numerical index of total growth activity. While these two postulates 
seem reasonable, it is evident that they are by no means the only 
ones possible in the premises. Other measures of growth rate might 
be taken; germination might conceivably be regarded as something 



Fig. 3. Showing the similarity of results under different postulates as to growth 
rates and times. 


biologically different from visible growth, disparate, and discontinu¬ 
ous with it. Would the results be different so far as concerns the main 
point at issue—the relation of growth of the seedling to temperature— 
if postulates different from those used above were adopted? 

To test this question three different procedures were tried, in addi¬ 
tion to the one already described above. These were: 
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I. To compute for each temperature the mean daily relative growth 
rate for that day by finding the fraction which the absolute mean incre¬ 
ment for the day was of the growth already attained at the beginning 
of the interval. Then their daily mean relative growth rates were 
averaged for the whole period from planting to the cessation of growth. 
This procedure corresponds in principle to determining the mean 
instantaneous growth rate over the whole period, but is done on the 
basis of the gross finite differences of the observations, rather than 
upon differentials. 

II. The same procedure as in I, except that only the period of ob¬ 
served, measured elongation of the hypocotyl is used, instead of the 
whole period from planting to the cessation of growth as in I. 

III. The same procedure as was used in computing the data of Fig, 
2, except that the rates were calculated on the basis of only the period 
of observed, measured elongation of the hypocotyl. 

The results of all four methods of dealing with the data (the original 
method and I, II, and III) are shown graphically in Fig. 3, the scales 
of plotting being so adjusted as to bring all the lines near together, 
since the interest in the case pertains to relative rather than absolute 
values. 

It is evident from Fig. 3 that such differences in theories of the 
growth process, and views of an appropriate measure of the growth 
rate as are embodied in it make no essential or important difference 
in the net result regarding the relation to temperature of growth in 
Cucumis melo seedlings under the conditions of these experiments. 

IV 

The data of Table I and Fig. 1 indicate that temperature affects 
growth differently in different parts of the whole growth period or 
cycle. The nature of these changes is clearly shown in Table II, in 
which two sets of percentages are presented. The first of these gives 
the approximate percentage of the final mean total yield at each 
temperature which the plants in that temperature series have achieved 
at the end of the first quarter, the first half, and the first three-quarters 
of their own total growth periods. If the growth proceeded uniformly 
with time, and was the same relatively in all temperature series, the 
figures in the left half of Table II would be all 25 on the first line, 50 
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on the second line, and 75 on the third. The second set of figures, 
in the right half of Table II, gives the approximate percentages which 
the achieved yield in each temperature series was of the achieved yield 
in the 30® series (the optimum temperature in respect of total yield) 
in one-quarter, one-half, and three-quarters of the total growth period 
of each series. The figures show, for example, how the yield of the 
20® series compared with that of the 30®, when each had accomplished 
one-fourth of its total growth period. The percentages are approxi¬ 
mate in Table II because, in interpolating times and yields, we have 
assumed that growth proceeded at a constant rate between any two 
recorded observations. This is not strictly true, especially in some 
parts of the cycle, but the error implicit in this assumption is negligible 


TABLE II 

Approximate Relative Yields {Mean Hypocotyl Lengths) at Stated Relative Times, 
and in Proportion to 30° Yields at the Same Relative Times 


Percentages of 
total growth 
period 

Percentages of own total yield 

Percentages of own yield to 30® yield at 
same relative times 

15" 

20" 

25" 

30" 

35" 

37.5" 

15" 

20" 

25" 

30® 

35" 

37.5" 

25 

0 

2.8 

10.4 

9.8 

21.3 

13.1 

0 

21.0 

97.3 

100 

172.5 

83.9 

50 

8.4 

51.9 

71.2 

68.3 

81.7 

68.1 

3.7 

55.5 

95.8 


95.7 

63.1 

75 

73.1 

95.6 



98.3 

96.1 

22.6 

71.8 

91.7 


80.8 

62.5 

100 

100 

100 

100 

100 

100 

100 

30.1 

72.9 

91.9 


79.9 

63.2 


for present purposes. In all of the computations the total length of the 
growth period is taken as from planting to the cessation of growth. 
That is to say, germination is counted, in respect of time, as a part of 
growth. 

From Table II the following points may be noted. 

1. At no temperature did the seedlings in these experiments attain 
25 per cent of their final total yields in the first quarter of their growth 
period. They came nearest to it in the highest temperatures, above 
the optimal. 

2. When a half of the total growing period has been completed the 
seedlings in all the series except the 15® have achieved more than 50 
per cent of their final total yields. The same thing is true, mutatis 
mutandis, for the first three quarters of the total growth period, except 
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that there the IS® series with 73.1 per cent of its total yield achieved 
is not significantly below the even 75 per cent. 

3. In general it is plain that in these experiments at all temperatures 
above 20® the greatest growth activity was concentrated in the second 
quarter of the total growth period. At 20® the same thing was true, 
taking the figures literally at their face value, but the difference be¬ 
tween the growth activities in the second and the third quarters at this 
temperature was so small as to be practically insignificant. At 15® 
the greatest growing activity was in the third quarter of the cycle. 
Also at this temperature the activity was much greater in the fourth 
quarter than at any other of the observed temperatures. In short, 
as the temperature increased in these experiments the time of greatest 
growing activity tended to be pushed farther and farther back towards 
the beginning of the cycle. 

4. The same rule is manifested in another way in the second half 
of Table II. At the end of the first quarter of their respective growth 
cycles the 35® seedlings, for example, had an average yield nearly twice 
as great as the 30® seedlings, though in the end their yield was only 
79.9 per cent of the 30® lot. 

5. In these experiments temperatures far below the optimum (15® 
and 20®) affected growth activity more adversely in the first quarter 
of the cycle than in any other period of the cycle. Temperatures 
above the optimum (35® and 37.5®) affected growth activity more 
adversely in the third and fourth quarters of the cycle than in any 
other part of the cycle. 

6. At all temperatures tested and in all parts of the growth cycle 
(save only the first quarter at 35®) growth as measured by yield was 
less than in the corresponding part of the cycle at 30® in these 
experiments. 

7. It is possible that the short duration of the relatively high growth 
rates observed at 37.5® and 35® may be due to a rapid oxidation of the 
available food materials by the high rates of respiration which one 
may presume these temperatures induce, and which renders the food 
supply inadequate for further growth fairly early in the growth cycle. 
The present data, however, furnish no material by which this possibil¬ 
ity may be crucially tested, and it is therefore idle to discuss it further. 
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V 

The results of this study suggest that anything approaching a thor¬ 
ough understanding of the phenomenon of growth is not likely to be 
reached until we have comprehensive and exact observations available 
regarding the cellular activities going on during the process. In so 
comparatively simple a biological structure as a seedling (simple, that 
is to say as compared with a human fetus) growth is far from a homo¬ 
geneous phenomenon. Not all parts of the growing organism are 
growing at the same time, or at the same rate. While much progress 
has been made in recent years in getting an understanding of the 
gross quantitative relations of growth, we still know next to nothing 
of the real underlying biology of the process, the cellular activities in¬ 
volved, etc. 

Summarizing the results it appears that seedlings of Cucumis melo, 
grown under carefully controlled experimental conditions at seven 
constant temperatures, show the optimal temperature to be approxi¬ 
mately 30°C. (29.74° from the graduated data). The mean time rate 
of growth (millimeter increase in length of hypocotyl per diem over 
the whole growth period) is a parabolic function of temperature. As 
the temperature increases, within the limits of these experiments, the 
period of maximum growth activity tends to fall earlier in the whole 
growth cycle. 
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THE INFLUENCE OF ENVIRONMENTAL TEMPERATURE 
ON THE UTILIZATION OF FOOD ENERGY IN 
BABY CHICKS* 

By M. KLEIBER and J. E. DOUGHERTY 
{From the College of Agriculture, University of California, Davis) 
(Accepted for publication, December 18, 1933) 

INTRODUCTION 

The influence of the environmental temperature on the vital func¬ 
tions of poikilothermic organisms has been extensively investigated. 
Van’t Hoff’s rule for the relation of temperature and velocity of chemi¬ 
cal action has been applied to physiological problems, for example, 
the development of sea urchin eggs by Abegg and to photosynthesis 
by Matthaei (Verworn, 1922). Crozier (1924-25) and coworkers have 
demonstrated that Arrhenius’ equation for the velocity of irreversible 
chemical processes as functions of temperature expresses very well 
the influence of environmental temperature on a great number and 
variety of vital processes in organisms or parts of organisms. Stier 
(1932-33) has shown that one may consider the inheritance of distinct 
temperature characteristics for the frequency of respiratory move¬ 
ments even in mammals at least during a time when the temperature 
regulation is not yet developed as in new born mice. 

Temperature optima have been observed for the development of 
various poikilotherm organisms, as for B. tuberculosis 37-38°C. by 
Koch. Surface yeast according to J. Albauer grows fastest at 33-34°C.; 
for sediment yeast Pederson found maximum growth rate at 29°C. 
(Mayer, 1927). 

The main object of the investigation reported in this paper was to 

* The experimental work for this study has been carried out in the Division 
of Animal Husbandry, in cooperation with the Division of Poultry Husbandry 
at the College of Agriculture of the University of California at Davis. It has 
been made possible by the financial contribution of the California Committee 
on the Relation of Electricity to Agriculture. 
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study how the environmental temperature affects growth rate, food 
consumption, and the conversion of food to body substance in homoio- 
therms where the environmental temperature has little if any direct 
effect on the temperature of the majority of body cells. 

The influence of the environmental temperature on the metabolism 
of homoiotherms has been studied mainly on fasting animals to elimi¬ 
nate influences of food intake on the result of the experiment. 

These investigations point to the existence of a certain critical envi¬ 
ronmental temperature below which a cooling of the environment 
causes an increase in metabolism and above which the metabolism is 
practically independent of changes in the environmental temperature. 

The broken line, abc, on a temperature-metabolism chart (see Fig. 1) 
illustrating this behavior of homoiotherms may be interpreted as a 
result of two curves which in the first approximation are straight lines, 
one (inclined) representing the heat requirement for maintaining the 
animal’s body temperature at a constant level, and the other (hori¬ 
zontal) indicating the minimum heat production of the animal. The 
critical temperature Tci is then defined as the temperature at which 
the two lines coincide. If the animal is fed, the level of the minimal 
heat production is raised for the amount of the heat increment, or the 
specific dynamic action of that food, C„ and Cp. This increase in the 
minimal heat production lowers the critical temperature to Tcj for 
maintenance and to Tcz for full feeding. 

The influence of variations in temperature on the animal receiving 
a certain food was studied on dogs by Rubner (1902), who condensed 
the results of this investigation to his so called compensation theory. 
According to this theory, the metabolism below the critical tempera¬ 
ture for the full fed animal Tci is not affected by food intake (no spe¬ 
cific d)mamic action of the food). Above the critical temperature for 
fasting, Tci, the specific dynamic action of the food is constant; i.e., 
independent of the changes in the environmental temperature. In 
the region between these two critical temperatures, the specific 
dynamic action increases in proportion to the increase in temperature. 
Rubner’s compensation theory seems not to have been given much 
attention in experiments. In general, the investigators were careful 
only to keep their animals above the critical temperature in order to 
obtain results independent of temperature changes. 
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Fig. 1. Scheme of energy transformations in homoiotherms as a function of 
environmental temperature. The inclined straight line marks the heat require¬ 
ment; i.e,y the amount of heat which would be necessary to maintain the animal's 
body temperature if the animal were an ordinary thermostat. Since the radiation 
depends on the difference of the 4th powers of temperatures this line is actually 
a curve. For small differences in temperature, however, it does not deviate 
considerably from a straight line. 

Below the critical temperature, Tci^ the heat production of the fasting animals 
follows the line of the heat requirement; above that temperature it is independent 
of further changes in temperature (minimum heat production). At high environ¬ 
mental temperatures the heat production rises again with rising temperature. 
This effect is omitted in the scheme. 

Cm indicates the specific dynamic action of the food for maintenance which 
brings the heat production to a higher level and lowers the critical temperature 
to Tci, 

Cp illustrates the specific dynamic action of the production food calculated 
to be 33 per cent of the energy intake above maintenance. 

The difference between the energy taken in and the heat produced is the net 
energy iV. 

The net energy in per cent of the total food energy is the efficiency. It is 
maximum at Tcz; i,e.y at the critical temperature for the full fed animals. 










704 


UTILIZATION or FOOD ENERGY IN CHICKS 


Our study was undertaken to investigate the influence of tempera¬ 
ture changes on the energy transformation of fed animals including 
the range below the critical temperature which has commonly been 
avoided. Instead of giving definite rations, as has been done in most 
former experiments, we let the animal itself determine the amount 
of food intake. In this way, we studied the appetite in relation to the 
environmental temperature, growth rates, and energy utilization, as 
an important variable which determines in a great many cases the 
actual level of energy transformation in animals. 

From our own experience, we know that our appetite is greater in 
cold than in hot weather.' Thus, if enough food is available, the in¬ 
creased requirement for temperature regulation at lower environ¬ 
mental temperatures is paralleled by an increased energy intake. 
This parallelism is, however, not complete. The lower the environ¬ 
mental temperature, the higher is the heat requirement for tempera¬ 
ture regulation. The energy intake to the contrary cannot increase 
indefinitely because the capacity of animals for eating, digesting, and 
absorbing food is limited. It is, therefore, to be expected that at 
sufficiently low environmental temperatures the energy intake of the 
animal can no longer keep pace with its heat requirement and the 
animal starves to death even though it eats to capacity. The tem¬ 
perature at which the curve of the heat requirement and the curve of 
intake of metabolizable energy coincide (point a in Fig. 1) is the mini¬ 
mum temperature {Tmin) under which the animal is able to maintain 
its life continuously. At this temperature, naturally, no energy will 
be available for production of body substance. Thus the net energy* 
and consequently the total efficiency of the animal as a converter of 
food energy will be zero. The production of body substance will also 
be zero at extremely high environmental temperatures when the appe¬ 
tite is decreased to such an extent that the energy intake covers only 
the minimal heat production for maintenance {d in Fig. 1). This 
temperature is the maximal temp)erature (T^„r ) which an animal can 
survive continuously. 

Between the two extreme temperatures at which no production can 

' The contrary is true for grasshoppers which, in an experiment by Parker 
(1930), consumed at 37®C., 2.5 times as much food as at 27®C. 

* Net energy - heat of combustion of produced body substance. 
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take place because too much energy is lost at one and too little is taken 
in at the other, there should be a temperature at which the production 
is maximum, and one at which the total efficiency; i.c., the quotient 
of net energy to total energy intake, is maximum. In our schematic 
graph. Fig. 1, they are both at Tcz the critical temperature for maximal 
food intake. 


Method 

From a hatch of White Leghorn chicks S days of age, five individuals were selected 
and banded as the experimental group, and eight as the control group. Sex did 
not appreciably affect the results since the number of male and female chicks in 
each of our trials happened to be almost equal as shown by investigation several 
weeks after the trial when the sex characteristics began to develop. Also in 
these young birds the differences of sex with relation to growth seem not to be 
considerable according to Jull and Titus (1928) who found that for the first 6 
or 8 weeks the female chicks weighed practically the same as the males. The 
controls were kept in a brooder which was so constructed that the chicks could 
stay at a temperature of 35°C. or go into an outer compartment at room temper¬ 
ature as they chose. This choice was somewhat influenced by the fact that the 
food was kept in the outer compartment. The experimental chicks were kept in 
the respiration chamber at constant temperature and humidity, except for about 
15 minutes in the morning and evening, which time was required for obtaining 
the individual weights, changing the food and water, and collecting the excrement. 

Each experiment for one level of temperature lasted 9 days and was followed 
by the determination of the fasting metabolism. The experiments at the various 
temperatures were carried out in the following sequence: 38°, 27°, 40°, 32°, 21°, 
40°C. 

The food was considered qualitatively adequate for every requirement.^ Por¬ 
tions of 150 gm. were weighed and stored in glass jars before the trial started. 
The food was given every morning in a food box which was constructed to prevent 


® The food was prepared in pellet form according to the following recipe: 
Mix 25 parts of ground whole wheat, 

25 parts of ground whole yellow com, 

25 parts of ground whole barley, 

15 parts of fish scrap with 65 per cent protein, 

5 parts of dry skim milk, 

5 parts of ground bone. 

To 100 parts of this mixture add: 

2 parts of pulverized lime stone (96 per cent CaCOs), 
i part of salt (NaCl), 

1 part of cod liver oil. 
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the birds from contaminating the food by excrement. The amount of food 
given was abundant, intake being limited only by the appetite of the chicks. 
The remaining food was taken out in the evening and put into a drying oven at 
105®C. for the moisture determination so that the amount of the dry matter eaten 
by the group was known for each day. No food was given during the night. 

The excreta were removed every day from the pan below a false floor of chicken 
wire, dried at 105®C., and weighed before cold. The dried excreta for the whole 
period of 10 days were stored in a glass jar and a composite sample was analyzed. 

Food and excreta were analyzed for N according to Kjeldahl and for C by the 
method of wet combustion with potassium dichromate. The heat of combustion 
was determined in an Emerson fuel calorimeter. 



Fig. 2. Climatic cabinet, ch, chamber; R, refrigerator coil; 11, electric heater, 
V, air circulation; B, pressure regulator; K, kymograph drum; S, sample for gas 
analysis. 

The respiratory exchange of the experimental chicks was determined in a closed 
chamber constructed as a climatic cabinet (Fig. 2). This cabinet is a horizontal 
metal cylinder 91 cm. inside diameter and 122 cm. inside length covered with cork 
for insulation. Five electrical heaters {H), each controlled by a separate outside 
switch, are installed in the chamber, giving a total heating power of 2250 watts. 
One of the 500 watt units is a control element operated by an automatic temper¬ 
ature regulator. A system of brine coils {R) for the regulation of the humidity 
is mounted in the lower part of the chamber. The flow of brine through these 
coils is under the control of a wet bulb air thermometer inside the chamber which 
influences a diaphragm valve, opening and closing a by-pass in the brine duct. 
A fan (F) circulates the air inside the chamber over the cooling and heating sys¬ 
tems. A heavy round door with a thick walled glass window is mounted on a 
hinge at the front of the chamber and may be screwed against a rubber gasket 
for an air-tight closure. 
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The air-conditioning devices produce regulatory oscillations of the tempera¬ 
ture and humidity inside the chamber, which would cause resultant fluctuations 
in air pressure if the volume remained constant. If there is the slightest leakage 
these variations in pressure tend to cause an exchange between the air in the 
chamber and the air outside. These changes in pressure are practically avoided 
by a regulator (B) providing a calibrated buffer volume. 

A sample of the air in the chamber is taken at the start and at the end of a 
period. This gas sample is analyzed for CO 2 and O 2 in a modified Haldane ap¬ 
paratus (Kleiber, 1933 b). 

The volume of the chamber has been determined by introducing volumetri- 
cally measured amounts of CO 2 from a bomb and determining the difference in 
CO 2 concentration thus effected; it has also been measured by burning known 
amounts of ethyl alcohol in the chamber and determining the increase in CO 2 
concentration due to this combustion. In five tests by introduction of CO 2 gas 
the volume was found to be =b 13.5 liters. In seven tests with combustion 
of alcohol, the determined volume was 898 ± 11.9 liters. 

RESULTS 

(a) Influence of Temperature on the Growth Rate of Baby Chicks 

The chicks were weighed individually each morning after having 
been 12 hours without food, and every evening. The average morning 
weight for all experimental groups at the start of the experiment was 
55 gm. with extremes from 53 to 58 gm. At the end of the experiment, 
the body weight of the 15 days old chicks differed considerably accord¬ 
ing to the temperature at which they had been kept, ranging from 79 
gm. each for the group kept at 40®C. to 99 gm. each for the group kept 
at 21°C. 

In Fig. 3 the average growth rate for 6 to 15 days of age is plotted 
against the environmental temperature. The growth rate of all con¬ 
trols for which, of course, the abscissa has no meaning, is averaged and 
drawn as a dotted line.^ From the value for the growth rate of the 
experimental chicks the solid curve is interpolated. The curve shows 
a tendency to reach a maximum which, however, would be at a tem¬ 
perature lower than 21°C. 

The curve of the growth rate of the experimental chicks reaches the 

^ The growth rate of the controls simulates a relation to the temperature at 
which the experimental chicks were kept. The dot and dash line in Fig. 3 is 
the result of interpolation by the method of least squares. This line used as a 
basis of comparison leads, however, to the same conclusions as the line which 
expresses the average of the controls. 
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average level of the growth rate of the controls at a temperature be¬ 
tween 32°C. and 38°C. 

At an environmental temperature above 32'’C., the experimental 
chicks had a lower rate of growth than the corresponding controls. 
Below this temperature the growth was the more stimulated the lower 
the environmental temperature. 

Gfn. 


Daily increase inveight 
X Chicks in respiration chamber 
® Chicks in brooder (controls) 
(mean of 9 dap, 6 to 15 days of age) 





C. CO* 30* 40* 

Air temperature in respiration chamber 

Fig. 3. Growth rate and air temperature. 

Since the daily increase in weight in growing animals depends on the 
weight itself, the relative rate of growth is more satisfactory than the 
absolute rate for comparing the velocity of growth in animals of dif¬ 
ferent size. 

The relative rate of growth for our chicks has been calculated ac¬ 
cording to the definition given by Brody (1926-27, p. 641) for the 
accelerating phase of growth: 

— ^k.W 
dt 

The meaning of the terms in our calculation was: 

W “ body weight in grams. 
t » time in days. 
k -• relative rate of growth. 
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The integrated form of the function 

* - _ 2.30259 

<2 — h ti h 

has been used, basing the calculation on the weight at the age of 5 
days, the average of the weights at 10 and 11 days, and the weight at 
15 days of age. 

Table I shows the results of this calculation. The relative growth 
rate is greater the lower the environmental temperature. In all but 
one case (38°C.) the relative growth rate is higher in the second period 
(10.5 to 15 days of age), than in the first one. This behavior is also 

TABLE I 


Relative Growth Rate of Experimental Chicks According to Brody’s Formula 


Air temperature 

Per cent growth per day: (100.^) during the period of age of: 

6-10.5 days 

10.5-15 days 

6-15 da)rs 

•c. 

21 

6.2 

6.9 

6.5 

27 

5.7 

6.6 

6.2 

32 

5.8 

6.4 

6.1 

38 

4.9 

4.4 

4.6 

40 

3.8 

4.6 

4.2 

40 

3.5 

5.5 

4.5 


found in the controls except that the controls for one trial out of 6 
had a slower relative rate of growth in the second period. All other 
chicks showed an acceleration of growth with increasing age greater 
than that which is to be expected according to the assumption that the 
rate of growth is proportional to the weight. The average relative 
rate of growth for the control groups was 4.78 per cent per day of the 
second period (10.5 to 15 days old) and 5.17 per day of the period 
from 6 to 15 days of age. Our experiments thus confirm the statement 
of Brody (1926-27, p. 646) that “fowl grows at 5 per cent per day up 
to 3 weeks.” 

(5) Influence of Temperature on Pood Consumption and Excretion 

Availability 

The increased rate of growth with the decrease in the temperature 
of the surrounding air is paralleled by an increased appetite. Table II 
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contains the mean results of the food consumption per chick for the 
first and second period as well as for the entire time of the experiment. 

Since the food consumption depends on the body size and the aver¬ 
age weights are considerably different, it is advisable, for the com¬ 
parison of the appetite at different temperatures, to reduce the data 
to comparable body size. The 3/4 power of body weight has been 
found to be most suitable as a basis for comparison of the metabolism 
of large and small animals (Kleiber, 1932). There is a close relation 


TABLE II 


Food Consumption, Excretion, and Availability at Various Temperatures 
Grams Dry Matter per Day per Chick 


Age 

Air temperature, ®C. 

21 

27 

32 

38 

40 

40 

days 

Food, gm . 

11.88 

11.22 

10.70 

8.16 

7.48 

6.54 

6-10 

Excretion, gm . 

4.72 

4.34 

3.95 

2.97 

2.78 

2.52 

Available, gm . 

7.16 

6.88 

6.75 

5.19 

4.70 

4.03 


Availability, per cent . 

60.3 

61.3 

63.1 

63.7 

62.8 

61.3 


Food, gm . 

18.18 

15.38 

12.27 


8.40 

9.36 

11-15 

Excretion, gm .. 

7.14 

5.86 

4.55 

3.33 

3.12 

3.44 

Available, gm . 

11.04 

9.52 

7.72 

5.97 

5.28 

5.92 


Availability, per cent . 

60.7 

61.9 

62.9 

64.2 

62.9 

63.3 


Food, gm . 

15.03 


11.69 

8.73 

7.94 

7.95 

6-15 

Excretion, gm . 

5.93 


4.32 

3.15 

2.95 

2.98 

Available, gm . 

9.10 


7.37 

5.58 

4.99 

4.97 


Availability, per cent . 

60.6 


63.0 


62.8 

62.5 


between metabolism and food consumption (Kleiber, 1933 a), there¬ 
fore the 3/4 power of body weight should also be a suitable basis for 
comparing levels of food consumption. 

The food consumption per in these trials is very nearly a linear 
function of the air temperature. The relation between F t representing 
the intake of grams dry matter per unit of the 3/4 power of the body 
weight in kilos and the environmental temperature in degrees Centi¬ 
grade may be expressed as follows: 


Ft * 81.0 + 2.15 (32.2 —/) for temperature below 32.2®C. 
Ft 81.0 + 2.24 (32.2 —t) for temperature above 32.2®C. 
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It is surprising that this proportionality between temperature and 
food consumption should exist over such a considerable range of tem¬ 
perature. Since the maximum amount of food which can be taken in 
and digested per day must be limited, it was to be expected that toward 
the lower temperatures, the curve of the food consumption should 
approach as)anptotically this maximal food capacity (see Fig. 1). 
More rapid decrease in food consumption with increased air tempera¬ 
tures above 38°C. was also expected. It seems to follow from the 


TABLE lU 

Liters CO2 Produced per Day by Baby Chicks 


Air temperature, *(7, 


21 


27 


32 


38 



(a) Per chick 


1st period. 

6-10 days old 

5.28 

4.03 

3.62 

2.98 

2.73 

2.46 

2nd period. 

11-15 days old 

7.22 

5.95 

4.57 

3.64 

3.10 

3.38 

Total trial. 

6-15 days old 

6.2s 

s.oo 

4.21 

3.35 

2.92 

2.98 


(b) Per kg. body weight 


Ist period. 

6-10 days old 


63.3 

56.4 

IQ 

47.6 

44.3 

2nd period. 

11-15 days old 

83.3 

68.5 

55.5 


43.6 

46.6 

Total trial. 

6-15 days old 

84.1 


55.8 


45.6 

45.6 


(c) Per kg.*^* of weight*/* 


Ist period. 

6-10 days old 

42.4 

31.8 

28.5 

25.1 

23.3 

21.5 

2nd period. 

11-15 days old 

44.4 

37.3 

29.8 

26.0 

22.6 

24.2 

Total trial. 

6-15 days old 

43.4 

34.5 

29.3 

25.6 

22.9 

23.0 


results of these experiments that at extremely high or low air tempera¬ 
tures, the food intake as a function of this temperature must change 
abruptly. 

The amount of dry matter consumed daily per kilo of body weight 
ranges from 120 gm. at 40°C. to 200 gm. at 21°C. If it is assumed that 
the body of the chick contains 30 per cent dry matter, it follows that 
at a temperature of 21°C. the chick eats daily 2/3 of the amount of dry 
matter in its own body. The increase in body weight per gram dry 
matter of food consumed shows a maximum of 0.375 gm. gain per gm. 
food at 32°C. dropping to 0.325 gm. at 21°C. and 0.324 gm. at 40°C. 
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The excreta of the chicks contain the non-digested part of the food 
as well as the secretion of the urinary system. They are therefore 
not comparable to the feces of mammals. One manifestation of this 
difference between the two kinds of excreta is the fact that the energy 
content as well as the C content per gram dry matter in the chick 
excreta are lower than the corresponding contents of the food. 
Calculated per 100 gm. dry matter, the food contained 41.2 gm. C, 
while the C content of the excreta varied from 34.3 gm. to 38.0 gm. 



Tamperature of respiration chamber 
Fig. 4. Availability and air temperature. 


with an average of 36.3 gm. The corresponding energy content of 
the feed was 432 Cal. while the excreta contained an average of 
only 371 Cal. with variations from 361 to 386 Cal. In herbivorous 
mammals, to the contrary, the energy and C are more concentrated 
in the feces than in the food, mostly due to the fact that the lignin, 
which has a high concentration of energy and carbon, is practically 
non-digestible. The nitrogen, on the other hand, is increased in the 
excreta of the chicks (4.15 gm. N per 100 gm. dry matter as compared 
to 2.89 gm. N per 100 gm. dry matter in the food). 

We do not attempt to determine digestibility in these chick trials, 
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but use for comparison a conception which is better adapted to nutri¬ 
tion work with birds and to which we give the name availability of the 
food. If per 100 gm. dry matter of food eaten, 40 gm. are excreted 
as feces and urine, 60 gm. dry matter remain available for combustion 
or for the production of body substance, then the availability of the 
dry matter is 60 per cent. The availability is given in Table II. The 
results for the first and second periods of each single trial are in very 
close agreement. The mean availability for both periods is plotted 
against the environmental temperature in Fig. 4. 

At an air temperature of 38°C., the availability is 64 per cent, the 
m aximum in our experiments. With decreasing temperature it drops 
at the average rate of 0.12 per cent per degree drop in temperature. 


TABLE IV 

Respiratory Quotient of Full Fed Baby Chicks at Different Temperatures 


Air 

temperature, *0. 

21 

27 

32 

38 

40 

40 

Age 

Day 

Night 

Day 

Night 

Day 

Night 

Day 

Night 


Night 

Day 

Night 

days 












HI 


fncggi 

0,914 

1.036 





0.998 

1.004 


0.984 

0.865 

11-15 

1.011 

0,936 

1.1S7 



0.906 

1.039 

0.957 

1.061 

0.911 


0.966 

6-15 


0,925 


0.928 


1.928 


0.977 

1.032 

0.890 

H 


Day and 













night. 

0.971 

1.018 

0.990 

1.012 

0.966 

0.979 


At temperatures above 38°C. the availability is also decreased to an 
average of 62.7 per cent at 40°C. It remains to be studied whether 
the drop in the availability with decreasing temperatures is the result 
of the increasing amount of food consumed, which would parallel 
unpublished results obtained by the senior author on rabbits and 
sheep, which show a decrease in the digestibility with an increase in 
food consumption. 

(c) Influence of the Environmental Temperature on the Respiratory 

Exchange 

Like other homoiotherms, the baby chicks respond to a lowering of 
the environmental temperature with an increased metabolism. This 
behavior is clearly shown in Table III. 
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At 40°C. one chick of 6 to IS days of age produced a daily average 
of 2.95 liters COj. With every drop in temperature, without excep¬ 
tion, the average daily CO* production was increased. At 21°C. the 
respiratory exchange was twice as high as that at 40°C., reaching a 
level of 6.25 liters COj. The same behavior is shown if the daily COj 
production is calculated separately for the first and second periods of 
the experiment. Essentially the same result is obtained if the COj 
production is calculated per kilo of body weight. It ranges, for the 
total p)eriod (6 to 15 days of age), from 45.6 liters CO 2 per kilo at 40®C. 
to 84.1 liters CO 2 per kilo at 21°C., where the daily loss of 165 gm. of 
CO 2 per kilo of body weight amounts to more than 50 per cent of the 
dry matter contained in the body of the chick. 

Calculated to the 3/4 power of the body weight, the daily CO 2 pro¬ 
duction of the chicks increased from 23 liters CO 2 per kilo*'^ at 40°C. 
to 43.4 liters per kilo*/* at 21°C. At 38°C. the chicks produced daily 
25.6 liters CO 2 per kilo*/*. 

In four beef heifers in another experiment, the daily CO 2 production at full 
feed amounted to 24.2 liters per unit of the 3/4 power of the body weight. Since 
the temperature of 20°C., at which the heifers were kept, corresponds better, 
physiologically, to 38°C. for baby chicks than to a lower temperature, the com¬ 
parison seems to indicate that the respiratory exchange of our baby chicks was 
in agreement with the rule that the metabolism per unit of the 3/4 power of the 
body weight of warm blooded animals is independent of body size. 

During the experiment, the daily CO 2 production per unit of the 3/4 
power of the body weight increased at an average daily rate of 1.3 
±0.5 per cent of the mean CO 2 production for the total period of 9 days. 

This increase in the respiratory exchange with increasing age is somewhat 
comparable to the increase in metabolism of children. According to the measure¬ 
ments of Benedict and Talbot (1921) the basal metabolism of boys increases 
during the period of 6 months to 18 months of age 14 per cent of the value of the 
age of 1 year. The corresponding increase for girls is IS per cent. If it can be 
assumed that the metabolism of the chicks at full food is a certain multiple of 
the basal metabolism, then it would follow that the per cent increase in metab¬ 
olism in children in 1 year is of the same magnitude as that of the baby chicks 
in 12 days. The ratio of 1 year human life to 12 days chick life seems to be of 
the same order for sex maturity. 

The respiratory quotient varies little for different temperatures, as 
shown in Table IV. There seems to be a tendency for the R.Q. to be 
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lower at the extremely low and high air temperatures. Much more 
marked than the variation at different temperatures is the variation 
in R.Q. between day and night. It seems natural to explain this dif¬ 
ference by the fact that the chicks ate no food during the night. 
The average r.q. of all the day runs is 1.0vI3 ±0.010, and the average 
of the night runs 0.924 ±0.010. The fact that the r.q. during the 
day is higher than unity may be related to an intensive production of 
body fat from carbohydrates. During the night, the chicks were 
without food and their lower r.q. indicated a decrease in fat production. 
The metabolism of the birds during the night, however, was far from 
fasting metabolism, since 24 to 36 hours after the last food the chicks 
had a respiratory quotient of 0.734 ±0.009 (Table VII). 

(d) N, C, and Energy Balances 

For the sake of economy of space the twenty-seven tables giving 
the N, C, and energy balances are not printed. From the composi¬ 
tion of the food and feces, and the amount of dry matter eaten and 
excreted daily, the amount of N, C, and energy taken in and excreted 
daily is calculated. The difference between the intake and excretion 
is the amount of N, C, and energy which is available for combustion 
or production of body substance. The amount of C lost as CO 2 
is calculated from the result of the respiration trial. For each liter 
CO 2 given off by the animal, 0.5359 gm. C is subtracted from the avail¬ 
able C. The rest is the carbon stored in the body (net). The amount 
of protein gained is calculated by multiplying the figure for the avail¬ 
able N by 6.25. The amount of C contained in the stored protein is 
3.25 times the amount of available N. The amount of C in protein is 
subtracted from the total amount of C stored, and the rest is the 
amount of C in the produced body fat, which contains 76.5 per cent C. 
The net energy is obtained as the sum of the heat of combustion of 
the stored protein (1 gm. protein = 5.7 Cal.)* and the stored fat (1 gm. 
body fat = 9.5 Cal.). The heat production of the animal is calculated 
as the difference between the available energy and the net energy. 

The heat production of the birds was larger in the second period of 
the trial, corresponding to the increased respiratory exchange which 
has already been discussed. The influence of the environmental tem- 

* In this paper the energy is expressed throughout in kilogram calories. 
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perature on the heat production is very consistent. In both periods, 
the heat production of the animal was greater the lower the air tem¬ 
perature. Table V gives the summary of the results on energy metabo¬ 
lism obtained per chick for the total duration of the experiment. 

As the temperature is increased above 32'’C. the heat production 
is decreased at the same rate as the food consumption. At the ex¬ 
tremely low temperatures, the food consumption seems no longer to 
keep pace with the increase in metabolism. At 21°C. the food intake 
was increased to 128 per cent, the available energy to 121 per cent, 
the heat production, however, to 153 per cent of the value at 32°C. 
This observation seems to confirm the hypothesis that with lower tem- 


TABLE V 


Energy Transformation in Full Fed Baby Chicks for the Period of 6 to 15 Days of A ge 


Air temperature, ®C. 

21 

27 

32 

38 

40 

40 

Average body weight, gm . 

74,2 

75.4 

71.7 

65.1 


64.5 

Average units of kg}^^ . 






0.128 

Energy in food per day per chick, Cal . 

65.2 

56.6 

51.1 

37.5 

34.1 

34.5 

Energy in excreta per day per chick. Cal ... 


18.8 

16.1 

11.4 

10.8 

11.1 

Available energy per day per chick, Cal .... 

42.3 

37.8 


26.1 

23.3 

23.4 

Heat production per day per chick. Cal .... 

35.4 

27.4 

23.2 

17.4 

15.9 

17.4 

Net energy per day per chick, Cal . 



11.8 

8.7 

7.4 

6.0 


perature, the heat production tends to approach the energy intake, 
since the latter is naturally limited. 

The net energy shows a maximum of 11.8 Cal. per chick per day at 
32®C. decreasing to 6.9 Cal. at 21°C. and an average in two trials of 
6.7 Cal. at 40°C. The energy transformation of the baby chicks as a 
function of the air temperature is illustrated in Fig. 5. In order to 
avoid in this graph possible influences of body size, the energy exchange 
is calculated per unit of the 3/4 power of body weight. The energy 
intake appears to decrease in proportion to the increase in the air 
temperature at a rate of —10.4 Cal. per °C. The available energy, 
however, shows the tendency to reach a maximum at low environmen¬ 
tal temperatures. It seems to follow from these two curves that in 
baby chicks the expected limitation of energy intake is a question of the 
digesting or absorbing power of the intestinal tract rather than of the 
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appetite. The curve for the heat production of the animals is bent 
in the opposite direction to that for the available energy. By extra¬ 
polation of these two curves a point of coincidence is found between 
15 C. and 20 C. At this temperature the animal would lose as much 
energy in the form of heat as it can make available from the food; 
therefore, no body substance could be produced. The net energy at 
this low temperature would consequently be zero. It reaches its 
maximum at 32°C. and drops as the temp>erature of the environment 



Fig. 5. Energy exchange and air temperature. 


approaches the body temperature which, according to several measure¬ 
ments after the trial, was 41.7°C. 

(e) Composition and Energy Content of the Gain in Body Substance 

The energy metabolism of our chicks has been calculated on the basis 
of the C and N balances assuming that the main organic constituents 
of the gain in body substance are protein and fat. Table VI shows 
the influence of environmental temperature on the daily production 
of these two groups of compounds. The storage of protein was higher, 
as was the gain in body weight, the lower the outside temperature. 
The production of body fat, on the other hand, had a maximum at 
32°C. air temperature, falling almost to zero as the temperature de- 
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creased to 21®C. and also dropping considerably with increasing tem¬ 
peratures above 32°C. The daily gain in net energy by no means 
paralleled the growth rate (in terms of body weight). At 21°C. air 
temperature with the highest gain in weight, the storage of net energy 
was next to the lowest obtained, the maximum being at 32°C. This 
result shows that the body weight is no general criterion for the effect 
of food on energy storage in the animal. 

The question may be raised whether the gain in weight or the gain 
in energy is a more adequate expression for growth. If the deposition 
of body protein is considered an important characteristic of growth, 

TABLE VI 


Composition and Energy Content of the Daily Gain of Baby Chicks at Various 
Environmental Temperatures 
Period: 6 to 15 Days of Age 


Air temperature, ®C. 

21 

27 

32 

38 

40 

40 


Daily gain in body weight, gm . 

4.88 

4.64 


2 Q7 

2.74 


Daily production of body protein, gm . 

1 10 

1 08 

■hEm 


0 69 


Daily production of body fat, gm . 



0.67 



0.24 

Daily net energy. Cal . 

6.9 


11.8 

8 7 

7 4 

6 0 

Per gm. increase in body weight: 

Body protein, gm . 

0.225 


0.221 


■ 

■ 

Body fat, gm . 



WB 

[nnK! 



Inorganic matter (mostly water), gtn . 


0.672 

mmmi 

0.586 



Enerey, Cal . 

1.41 

2.24 

2.69 

2.93 


1.94 



then the gain in weight would be preferred to the gain in energy. It 
is seen in Table VI that the gain in protein changes only from 0.22 
gm. to 0.27 gm. per gm. increase in body weight. No influence of the 
environmental temperature on the protein content of the gain in body 
weight seems to exist. Such an influence on the gain in body fat per 
unit of gain in weight is, however, very marked. The greatest gain 
of fat was made at a temperature of 32°C., 0.153 gm. fat being 
deposited per gram increase in weight. The increase in weight at 2 l^C. 
contained only 1 per cent fat and consequently a higher water content 
(76.3 per cent compared with 58.6 per cent at 38°C.). The gain at 
38'’C. had the highest concentration of energy, 2.93 Cal. per gm. of 
increase in weight, compared to 1.41 Cal. at 21°C. 
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(f) Basal Metabolism 

The basal metabolism of the chicks has been determined at the end 
of each trial, starting in the evening when the chicks had been without 
food for 24 hours, and ending the following morning. The results of 
these experiments, calculated to 24 hours are given in Table VII. The 
heat production is calculated from the oxygen consumption, using a 
standard of 4.7 Cal. per liter of oxygen consumed. The basal heat 
production is increased as the outside temperature is decreased. It 
is to be expected in warm blooded animals that above a certain so 
called critical temperature of the environment, the metabolism is inde¬ 
pendent of changes in this temperature. No evidence of such a critical 


TABLE VII 


Basal Metabolism of Baby Chicks at Various Temperatures at 16 Days of Age 


Air tem¬ 
perature 

No. of 
experiment 

Body 

weight 

W 

pyj/4 kg.8/4 

Daily respiratory 
exchange per chick 

a.Q. 

Daily heat production 

COt 

Ot 




•c. 


gm. 


liters 

liters 


cal. 

cal. 

cal 

21 

11 

85.6 

0.158 

3.28 

4.32 

0.76 

20.3 

237 

128 

27 

7 

88.6 

0.162 

2.50 

3.52 

0.71 

16.5 

186 

102 

32 

9 

84.3 

0.156 

2.14 

3.01 

0.71 

14.1 

167 

90 

38 

6 

73.1 

0.140 

1.81 

2.48 

0.73 

11.7 

160 

83 

40 

8 

73.9 

0.142 

1.12 

1.53 

0.73 

7.2 

98 

51 

40 

12 

74.4 

0.142 

1.50 

2.11 

0.71 


133 

70 


temperature was found. Considering the relatively large variations, 
the number of experiments is not adequate to conclude that no such 
critical temperature exists for the metabolism of these young birds. 
If a critical temperature exists it is safe to state on the basis of our 
trials that it is considerably higher for baby chicks than adult chickens 
which Mitchell and Haines (1927 a) found to be 16.7°C. 

The average figure for the basal metabolism of our chicks at 38°C. and 40°C. 
is 68 Cal. per kiloV^ From the measurements of Mitchell and Haines (1927 b) 
it follows that the basal metabolism of their mature hens amounted to an average 
of 64 Cal. per kiloV*. The corresponding figures per unit of weight are 130 
Cal. per kilo for the baby chicks and 54 Cal. per kilo for the mature hens. This 
comparison shows that the metabolism of fowls of different size is more closely 
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related to the unit of the H power of the weight than to the unit of weight it¬ 
self, which is in accordance with the results in other homoiotherms as discussed 
in an earlier paper (Kleiber, 1932). 

(g) The Heat Increment of the Feed at Various Temperatures 

From the figures for the basal metabolism and the metabolism at 
full feed the heat increment (Armsby) or specific dynamic action 
(Rubner) of the feed has been calculated in Table VIII. For this 
calculation, it had to be considered that during the test for the basal 
metabolism the birds were heavier and older than in the average during 
the period of full feed. In order to eliminate the discrepancies in 


TABLE VIII 

Heat Increment of the Food of Baby Chicks at Various Environmental Temperatures 


Temperature of air, *C. 

21 

27 

32 

38 

40 

40 

Daily basal heat production per calculated to 

the age of 10.5 days, Cal . 

121 

97 

85 

78 

48 

66 

DaOy heat production at full feed, per kg.*/^, Cal .. 

249 

190 

168 

135 

125 

136 

Daily heat increment of full feed per Cal ,.. 

128 

93 

83 

57 

77 

70 

Daily available energy in food per kg,*/*, Cal . 

298 

262 

254 

202 

183 

183 

Heat increment per 100 Cal. available. Energy 
at full feed, per cent . 

43 

36 

33 

28 

42 

38 


weight, the heat production in both cases is calculated per unit of the 
3/4 power of the body weight.* 

For making the basal metabolism determined at the age of 16 days 
comparable to the metabolism at full feed with an average age of 10.5 
days, it has been assumed that during the period studied the basal 
metabolism in these birds increased 1 per cent of the average for each 
day increase in age as found for the metabolism at full feed (see page 
714). This assumption seems to be justified because the total energy 
intake for very different animals seems to approximate the same mul- 

* For the sake of simplicity, the average metabolism per chick as given in 
Table V has been divided by the 3/4 power of the average weight. The result 
does not differ considerably from that obtained by calculating the metabolism 
for each day to the unit of the 3/4 power of the corresponding weight and then 
taking the average. 
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tiple of the basal metabolism (Kleiber, 1933 o), and the metabolism 
at full feed is dosely related to the energy intake. Thus a theoretical 
basal metabolism for the age of lO.S days has been calculated on the 
basis of the equation: 

B,o.t X (1 + 0.01 X 5.5) - 

where Bio.s basal metabolism at the age of 10.5 days, 

and Bu basal metabolism at the age of 16 days. 

According to Rubner’s compensating theory it is to be expected 
that at lower environmental temperatures the specific dynamic action 
is decreased because the extra heat developed after food consumption 
is used for maintaining the body temperature and saves a correspond¬ 
ing amount of food or body substance which would have been used as 
fuel. Consequently, the gap between basal metabolism and metabo¬ 
lism at full food should become smaller as the outside temperature 
decreases and if it falls below the critical temperatures for maximal 
food intake, the heat production should become independent of the 
amount of food consumed, in other words, the specific dynamic action 
should disappear (see Fig. 1). 

The results shown in Table VIII are not in accordance with this 
theory. Although 21°C. is considered an extremely low temperature 
for baby chicks, the specific dynamic action of the food at this tem¬ 
perature is higher than-at 32°C. and 38°C. not only in absolute terms 
but also in per cent of the available energy of the food consumed. 

This result may be explained partly by the possibility that the 
chicks can decrease their heat requirement by huddling together. It 
has been observed in the trial at 27°C. but particularly at 21°C. that 
when the chicks are not eating, they gather in a corner of the cage, 
forming a pyramid. This huddling of the chicks at low temperature 
decreases their heat loss 15 per cent (Kleiber and Winchester, 1933). 
It is to be regarded as a third kind of temperature regulation which 
we have termed social temperature regulation. It tends to make the 
basal metabolism at low temperature lower than it would be without 
this huddling and consequently increases the gap between basal 
metabolism and metabolism at full feed. 
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(h) Efficiency of Energy Transformation at Various Temperatures 

By efficiency of food utilization may be understood the ratio of an 
increase in net energy to the increase in food necessary to produce 
this net energy 


rip may be classified as partial efficiency if Ai4 is a difference in net 
energy and AU the corresponding difference in food energy. Food 
energy may be taken as the energy of the food intake, the digested 
energy, or the available energy. 


TABLE IX 

Partial Efficiency for Growth in Baby Chicks at Various Temperatures 


Air temperature, ®C. 

21 


32 

38 

40 

40 

Net energy per 100 Cal. of available food 
energy. 

57 

64 

67 

72 

58 

62 


On the other hand, efficiency may also mean the ratio of the total 
net energy to the total food energy. 

A 

In contradistinction to the partial efficiency, rjt may be called the total 
efficiency. The partial efficiency is always positive. Recent results 
show that it varies with the plane of nutrition, being somewhat higher 
at low levels.^ It is positive also in undernutrition, as a decrease in 
the loss of body substance due to an increase in food consumption may 
be taken as an increase in net energy. The determination of the par¬ 
tial efficiency requires the measurement of the metabolism at two dif- 

^ In an experiment of Forbes et al. (1930) the partial efficiency dropped from 
87 to 64 per cent of the metabolizable energy as the plane of nutrition was in¬ 
creased from i maintenance to 3 times maintenance. Wiegner and Ghoneim 
(1930) applied Mitscherlich’s law to the partial efficiency of food utilization in 
animals. 



















M. KLEIBER AND J, E. DOUGHERTY 


723 


ferent food levels. One level may be at zero. Thus, in the case of 
the chicks in the experiments discussed here, the basal metabolism 
and metabolism at full feed are used. The increase in net energy in 
this sense is the difference between the increase of the available energy 
and the heat increment. Thus Table IX is calculated from Table VIII. 

The partial efficiency is subject to a relatively large experimental 
error. From Kellner’s data (Kellner and Kohler, 1900) it may be 
calculated that the standard error for the partial efficiency of starch 
for fattening adult steers is ± 11 per cent of the mean. The deviation 
between the results of the two chick trials at 40°C. is ±6.7 per cent of 
the mean. The increase in efficiency from 5 7 per cent at an air temper- 


TABLE X 

Told Efficiency of Energy Utilization in Growing Baby Chicks at Various 

Temperatures 


Air temperature, "C. 

21 

27 

32 

38 

40 

40 

.r. . 1 n- • / Net energy X 100 \ 

ToUl efficiency ) • • 

\ Available food energy J 

16 

28 

34 

33 

32 

26 


ature of 21°C. to 72 per cent at an air temperature of 38°C., a difference 
of 23 per cent of the mean, appears thus to be barely significant. 

The total efficiency is related to the partial efficiency according to 
the following equation: 




A vv(U - E) 

- C8 . . — 

u u 



where 


— total efficiency 
nr “ partial efficiency 
U = energy of food intake 
E = energy of food for maintenance. 

At a given partial efficiency the total efficiency increases with increas¬ 
ing plane of nutrition. It becomes zero when the total food energy is 
equal to the energy necessary for maintenance. 

Since the total efficiency in our trials is determined independently 
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of the basal metabolism, the influence of the social temperature regu¬ 
lation on the basal heat production does not affect the results of the 
total eflSciency. Therefore, these results calculated from Table V 
are less questionable than those on the partial efficiency. 

The total efficiency reaches its maximum at 32°C. The environ¬ 
mental temperature had a more pronounced influence on the total 
efficiency than on the partial efficiency. 16 per cent total efficiency 
at 21°C. is only 47/100 of the maximum total efficiency at 32®C., 
whereas 57 per cent partial efficiency at 21°C. is 79/100 of the maxi¬ 
mum partial efficiency at 38°C. 

DEDUCTION 

From general considerations it has been concluded that an optimal 
environmental temperature for the conversion of food energy to the 
energy of body substance should exist not only for cold blooded but 
also for warm blooded animals. At extremely low environmental 
temperature all the energy which an animal is able to absorb is used 
as heat for maintaining the body temperature at a constant level; at 
extremely high outside temperature theoretically the animal’s appetite 
is decreased to such an extent that the energy intake does not exceed 
the maintenance requirement. 

In our experiments with baby chicks we did not reach either of these 
extremes. We found that within the range of temperatures covered 
in our investigation the total food intake was a linear function of the 
environmental temperature and not a curve as suggested in Fig. 1. A 
curve of the expected type has, however, been obtained for the intake 
of metabolizable energy due to the limitation of the absorbing power 
of the intestinal tract. At.high environmental temperature the appe¬ 
tite was decreased. In accordance with the preliminary h}q>othesis 
the heat production of the animals tended to approach the intake of 
metabolizable energy at high as well as at low environmental tempera¬ 
ture. The prediction of an optimal environmental temperature for 
the efficiency of energy utilization is thus supported by the results 
of our trials. 

SUHHARY 

1. An optimum of environmental temperature is to be expected 
for the utilization of food energy in warm blooded animals if their 
food intake is determined by their appetite. 
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2. Baby chicks were kept in groups of five chicks in a climatic 
cabinet at environmental temperatures of 21°, 27°, 32°, 38°, and 40°C. 
during the period of 6 to 15 days of age. The intake of qualitatively 
complete food was determined by their appetite. Food intake, excre¬ 
tion, and respiratory exchange were measured. Control chicks from 
the same hatch as the experimental groups were raised in a brooder 
and were given the same food as the experimental chicks. The basal 
metabolism of each experimental group was determined from 24 to 36 
hours without food at the age of 16 days. 

3. The daily rate of growth increased with decreasing environ¬ 
mental temperature from 2.74 gm. at 40°C. to 4.88 gm. at 21°C. This 
was 4.2 to 6.5 per cent of their body weight. 

4. The amount of food consumed increased in proportion to the 
decrease in temperature. 

5. The availability of the food, used for birds instead of the digesti¬ 
bility and defined as excreta optimum at 38°C. 

Food 

6. The CO 2 production increased from 2.95 liters CO 2 per day per 
chick at 40°C. to 6.25 liters at 21°C. Per unit of the 3/4 power of the 
body weight, 23.0 liters CO 2 per kilo®''^ was produced at 40°C. and 
43.4 liters per kilo®^* at 21°C. The CO 2 production per unit of 3/4 
power of the weight increased at an average rate of approximately 
1 per cent per day increase in age. The r.q. was, on the average, 
1.04 during the day and 0.92 during the night. 

7. The net energy is calculated on the basis of C and N balances. 
A maximum of 11.8 Cal. net energy per chick per day was found at 
32°C. At 21°C. only 6.9 Cal. net per day per chick was produced and 
at 40°C. an average of 6.7 Cal. 

8. The composition of the gained body substance changed according 
to the environmental temperature. The protein stored per gram 
increase in body weight varied from 0.217 to 0.266 gm. protein and 
seemed unrelated to the temperature. The amount of fat per gram 
gain in weight dropped from a maximum of 0.153 gm. at 32°C. to 0.012 
gm. at 21°C. and an average of 0.107 gm. at 40°C. The energy con¬ 
tent per gram of gain in weight had its maximum of 2.95 Cal. per gm. 
at 38°C. and its minimum of 1.41 Cal. per gm. at 21°C. at which tem¬ 
perature the largest amount of water (0.763 gm. per gm. increase in 
body weight) was stored. 



726 


UTILIZATION OF FOOD ENERGY IN CHICKS 


9. The basal metabolism increased from an average of 60 Cal. per 
kilo’^‘ at an environmental temperature of 40°C. to 128 Cal. per kilo*'* 
at 21°C. No indication of a critical temperature was found. 

10. The partial efficiency, i.e. the increase in net energy per unit of 
the corresponding increase in food energy, seemed dependent on the 
environmental temperature, reaching a maximum of 72 per cent of the 
available energy at 38°C. and decreasing to 57 pier cent at 21®C. and 
to an average of 60 p)er cent at 40°C. 

11. The total efficiency, i.e. the total net energy produced p)er unit 
of food energy taken in, was maximum (34 per cent of the available 
energy) at 32°C., dropped to 16 pxjr cent at 21°C., and to an average 
of 29 p)er cent at 40°C. 

The authors are indebted to Helene K. Rohwer and Shizue Morey 
who did the gas analysis involved in this study; to R. W. Caldwell and 
H. C. Johnson for the determination of N, C, and energy in feed and 
excreta and to Lucie Blum, J. Lewis, and E. Steiner for help in raising 
the chicks and making the daily weighings. 
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THE ACCUMULATION OF ELECTROLYTES 
VI. The Effect of External pH 

By A. G. JACQUES and W. J. V. OSTERHOUT 
(From the Laboratories of The Rockefeller Institute for Medical Research) 
(Accepted for publication, January 10,1934) 

It would be natural to suppose that potassium enters Valonia as 
KCl since it appears in this form in the sap. We find, however, that 
on this basis we cannot predict the behavior of potassium in any re¬ 
spect. But we can readily do so if we assume that it penetrates 
chiefly*'* as KOH. We may then say that under normal conditions 
potassium enters the cell because the ionic activity product (K) (OH) 
is greater outside than inside. This hypothesis leads to the following 
predictions: 

1. When the product (K) (OH) becomes greater inside (because the 
inside concentration of OH“ rises, or the outside concentration of K+ 
or of OH" falls) potassium should leave the cell, though sodium con¬ 
tinues to enter. Previous experiments,* and those in this paper, indi¬ 
cate that this is the case. 

2. Increasing the pH value of the sea water should increase the rate 
of entrance of potassium, and vice versa. This appears to be shown 
by the results described in the present paper. 

The experiments were made in Bermuda on Valonia macrophysa, 
Kiitz. The technique, unless otherwise stated, was that previously 
employed.® 

Methods 

The cells, carefully seasoned in the laboratory, were exposed to sea waters 
with liigher and lower hydrogen ion activities than normal for periods up to 

' C'/. Osterhout, W. J. V., Biol. Rev., 1931, 6, 369; Krgebn. Physiol., 19.13, 36, 
967. 

* Regarding the situation in land plants see Osterhout, W. J. V., Science, 1912, 
36, 571. 

* Jacques, A. G., and Osterhout, W. J. V., J. Gen. Physiol., 1930-31,14, 301; 
1931-32,16,537. 
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15 days, but care was taken to prevent injury by limiting the magnitude of the 
pH changes. The temperature fluctuated between IS® and 25®C., but did not 
vary more than 5°C. in one experiment. 

In the preliminary experiments it was found that the pH could not be lowered 
much below 6.5 without producing obvious signs of injury in 24 hours. The up¬ 
per limit which the cells would tolerate was not determined. It is undesirable 
to go above pH 9.4 on account of the rapid precipitation of calcium carbonate. 
We worked at pH 8.8 which the cells could tolerate for many days without 
injury. 

It was found that the pH of sea water in contact with the cells tends to change 
so rapidl}^ as seriously to vitiate the conclusions from experiments where no ac¬ 
count of this was taken. Hence the experiments were carried out in such a way 
as to minimize the change (or else to exaggerate it). 

No single procedure for exposing the ceUs was used. In some cases tubes and 
glass gutters (as described previously) were employed,® in others stoppered bottles 
of Pyrex glass. 

Sometimes the cells were exposed out of doors with the usual alternations of 
light and dark, and sometimes inside under constant artificial illumination. In 
some cases there was a current of sea water, in others it was changed infrequently. 
The particular method of exposure will be described in detail under each experi¬ 
ment as well as the reason for the procedure. In every experiment 16 liters of 
sea water at each pH were prepared and in the experiment with circulation it was 
passed over the cells again and again. 

Growth was measured on a sample lot of cells believed to be representative of 
the whole as described elsewhere;® the apparatus for measuring volume was that 
described in a previous paper.® 

The pH of the sea waters was determined as described in a previous paper, 
brom thymol blue, cresol red, and thymol blue being used for the low, normal, 
and high pH sea waters respectively. For sap chlor phenol red was used. 

The analyses for potassium, sodium, and halide were also carried out as de¬ 
scribed in the papers cited above. Since sodium is determined by difference the 
figures are less accurate than in the other cases. This should be borne in mind 
in those cases where the tables show an apparent loss in moles of sodium. 

Each analysis required the sap of from 50 to 75 cells: hence the analyses repre¬ 
sent the average of this number of cells. Absence of any appreciable increase in 
the sulfate during exposure was taken to indicate absence of severe injury. The 
cells were examined macroscopically and microscopically before and after exposure 
and appeared to be in excellent condition. 

The usual precautions were taken to obtain representative samples of sap for 
analysis. In most of the experiments large numbers of cells were available so 
that no large ones (ue, over 0.5 cc.) had to be used. 

As is well known, sea water is reasonably well buffered by the presence of 
sodium bicarbonate at a concentration of about 0.002 normal and of free CO 2 
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at a partial pressure of about 0.0003 atmosphere, which means that it is practically 
in equilibrium with the atmosphere. 

If it is desired to change the pH of the sea water three courses are open, (a) 
The bicarbonate-carbonic acid buffer system may be replaced by another in 
which the weak acid is not in equilibrium with the air. (b) The concentration of 
bicarbonate ion may be kept constant and the CO 2 tension raised or lowered to 
lower or raise the pH. (c) The CO 2 tension may be kept constant and the con¬ 
centration of sodium bicarbonate and sodium carbonate raised or lowered to raise 
or lower the pH. 

Alternative (a) would, in theory, overcome the difficulty associated with the 
change in the CO 2 tension of the sea water caused by the photosynthetic and 
respiratory processes of the cells. However, it would also deprive the cells of 
free CO 2 . It might be difficult also to maintain the air over the sea water free 
of CO 2 during long experiments. Nevertheless if only part of the bicarbonate- 
carbonic system were replaced, it seemed possible that the cells might receive 
their normal supply of CO 2 and at the same time the sea water pH might remain 
more constant if there were present a buffer system not sensitive to photosyn¬ 
thesis or respiration. Preliminary experiments were performed to test this pos¬ 
sibility, using phosphoric and succinic acids. In each case 9/10 of the bicarbonate 
was replaced. In the case of phosphoric acid at all pll values studied the resulting 
sea waters were toxic in 24 hours. Succinic acid on the other hand was well 
tolerated, but in comparison with a control with normal sea water there was no 
decided improvement in the constancy of the pH. 

Alternative (b) was considered to be impractical for long experiments because 
of the difficulty of maintaining over the sea water an atmosphere containing more 
or less CO 2 than the normal amount. 

Alternative (c) was therefore adopted as the most practical. Moreover, our 
experiments on the penetration of CO 2 into Valonia^ show that the pH of the 
sap is strongly influenced by changes in the concentration of free CO 2 in the sea 
water. Hence the plan in which the sea water used is in equilibrium with normal 
air is to be preferred, because we know within limits the pH to be expected in 
the sap of cells in normal sea water under these conditions. 

When the pH of sea water is to be lowered it would seem possible to calculate 
the amount of HCl required to be added to decompose enough bicarbonate to 
produce the needed lowering. Actually this can rarely be done. This may be 
due to the presence in the sea water of varying amounts of finely divided CaCOs. 
The sea water used in these experiments was obtained about i mile from land 
in the 30 foot ship channel where it was frequently slightly milky, especially for 
several days after storms which in winter in Bermuda often stir up the coral 
sand at the bottom. In large bottles in the laboratory it appeared perfectly 
clear. 


^ Osterhout, W. J. V., and Dorcas, M. J,, J. Gen, Physiol.^ 1925-26, 9, 255. 
Jacques, A. G., and Osterhout, W. J. V., J, Gen, Physiol,, 1929-30, 13, 695. 
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Our method of procedure for lowering the pH of the sea water was to add 
sufficient HCl to lower the pH below the required point. Air (previously satu¬ 
rated with moisture over sea water) was then bubbled through until the pH rose 
above the required point. Hereafter further additions of HCl were made with 
prolonged aeration in between until at length the required pH was reached and 
did not change with further aeration. This procedure was necessitated by the 
fact that the sea water easily becomes supersaturated with respect to CO 2 when 
acidified and it requires prolonged aeration to adjust this. 

When the required point had been reached a sample of sea water was analyzed 
for total CO 2 , using the Van Slyke constant volume apparatus. It was found that 
when the pH remained constant at 6.8-7.0 after aeration the concentration of 
CO 2 in the sea water was in the neighborhood of 0.00011m. This agrees roughly 
with McClendon’s® results assuming that the CO 2 tension of the atmosphere is 
in the neighborhood of 0,0003.® 

In raising the pH above normal, 0,6 n NaOH was added in small amounts with 
prolonged aeration with air saturated over sea water between additions until the 
required pH was reached. When the pH was raised above 9.4 it was found that 
CaCOa was slowly precipitated, but by working in the manner described the loss 
of calcium due to this was reduced to a minimum. It was found that in the course 
of the experiments photosynthesis raised the pH above 9.4 and as a result calcium 
was lost. In order to determine the extent of this loss the high pH sea water 
was analyzed for total CO 2 before and after the experiment in some cases. In 
the worst case the loss of total CO 2 , presumably as CaCOs, amounted to about 
0.001 equivalent per liter, and since the original concentration of calcium in normal 
sea water is 0.02 normal it follows that the loss was only about 5 per cent, which 
we do not consider enough to vitiate the results seriously. 

RESULTS 

A. At High pH: Flowing Sea Water 

To keep the pH as constant as possible sea water was made to flow 
over the cells (day and night) as described in previous papers.® The 
cells were kept out of doors and shaded from direct sunlight. 

In each experiment one lot was exposed to sea water at pH 8.8 and 

® McClendon, J. F., /. Biol, Chetn,, 1917, 30, 274. 

• After completing the experiments our attention was called to the paper by 
Tomita (Tomita, G., J, Shanghai Sc, Inst,, Sect, /F, 1933, 1, 19) in which he 
calls attention to the importance for biological work of adjusting the CO 2 tension 
of sea water after acidification. 

^ In the present experiments about a liter and a half per hour flowed over the 
cells which were spread out in a thin layer. The CO 2 was replaced by frequent 
aeration. 
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the other to a control in sea water at 8.2. The results are given in 
Tables I, II, and III (see also Fig. 1). 

It is evident that the rate of growth and of entrance of potassium 
was greater at the high than at the normal pH. The gain in moles* 
at pH 8.8 is compared with that at pH 8.2 in Table HI, and the calcu¬ 
lated gain is also given. The calculation is as follows. Assuming 


TABLE I 

Analytical Data on Saps of Valonia 
Section Experiment 1 


Nominul pH 

Time 

pH 

of 

Molecular concentrations 

Ratio 
K -r 

Vol- 

(jram moles X 10* = moles 
tier liter X volume 

of sea water 

sap 

K 

Na 

K + Na 

Halide 

Na 

ume* 

K 

Na 

K -H 
Na 

Halide 


days 

0 

6.15 

0.4952 

0.1408 

0.6360 

0.6275 

3.52 

ml. 

8.73 

4.323 

1.229 

5.552 

5.478 

8.8 

3 

6.10 

0 4961 

0.1388 

0.6349 

0.62(x3 

3.57 

9.17 

4.550 

1.273 

5.823 

5.744 

(High) 

6 

6.30j 

0 4986 

0.1322 

0.6308 

0.6287 

3.77 

9.41 

4.692 

1.244 

5.936 

5.916 

10 

6.10 

0.4930 

0.1415 

0.6345 

0.6354 

3.48 

9.68 

4.790 

1.369 

6.159 

6.150 


15 

5.95 

0.4898 

0.1419 

0.6317 

0.6299 

3.45 

9.93 

4.864 

1.408 

6.272 

6.255 


0 

6 . 15 ! 

0.4952 

0.1408 

0.6360 

0.6275 

3.52 

8.73 

4 . 323 I 

1.229 

5.552 

5.478 


3 

5.95 

0.4944 

0.1431 

0.6375 

0.6293 

3.45 

8.91 

4.406 

1.275 

5.681 

5.608 

8.2 

6 

6.10 

0.4817 

0.1477 

0.6294 

0.6202 

3.21 

9.14 

4.403 

1.350 

5.753 

5.669 

(Control) 

10 

6.00 

0.4826 

0.1525 

0.6351 

0.6244 

3.16 

9.31 

4.493 

1.420 

5.913 

5.813 


IS 

5 . 90 I 

1 

0.4779 

0.1518 

0.6297 

0.6250 

3.16 

9.43 

4 5081 

1 

1.432 

5.940 

5.894 


* In order to make the volumes the same for both lots at the start the values 
for pH 8.8 were multiplied by 8.73 ~ 8.52 and those for the control by 8.73 + 8.76 
(see Table V). 


that the rate of entrance is proportional to (Ko) (OHo) — (Ki) (OH,) 
we may write® as an approximation for the first period in Table I 

Rate at pH 8.8 ^ 0.012 - 0.4952 

Rate at pH 8.2 “ 0,012 (lO”® *) - 0.4952 (lO"^ *^) 

* It is obvious that the rate of entrance must be measured by the gain in moles 
since it cannot be inferred from the concentration owing to the entrance of water. 

® This can only be regarded as an approximation. C/. Osterhout, W. J. V., 
/. Gen, Physiol,, 1932-33, 16, 529; Osterhout, W. J. V., Kamerling, S. E., and 
Stanley, W. M., J, Gen, Physiol,, 1933-34,17,445,469. 

The subscripts o and i refer to activities outside and inside respectively. 

Since the ionic strength is about the same inside and outside it is permissible 
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Table III also gives calculations for ionic exchange (for which see p. 

747). 

The rate of entrance of potassium does not increase so much as 



Days 

Fig. 1. Moles of potassium and of sodium entering Vdmiia at high pH (about 
8.8) and in a control experiment where the pH just outside the protoplasm started 
at about 8.2 and rose somewhat: it apparently did not rise as high as in the other 
lot and in consequence potassium entered less rapidly (the pH was kept down 
by a rapid flow of sea water). Section A, Experiment 1. The curves are drawn 
free-hand to give an approximate fit. 


for comparative purposes to use concentrations in place of activities (c/. Zscheile, 
F. P., Jr., Protoplasma, 1930,11,481). 





TABLE n 


A nalytical Data on Saps of Valonia 
Section A , Experiment 2 

moles 


Halide 


7.047 

7.908 

8.261 


7.047 

7.544 

7.847 


* In order to establish the reproducibility of the rate of growth, volume meas¬ 
urements were made on two sets of cells at each pH. The results indicate that 
the growth curves are reasonably reproducible. 

t These values were obtained as follows: The two volume measurements were 
averaged and in the case of the control the averaged values were multiplied by 
the factor 11.40 -J- 11.14, 


Nominal 
pH of 

Time 

Vol- 

Ad¬ 

justed 

vol- 

umet 


Molecular concentrations 

sea 

water 

ume* 


K 

Na 

K-f-Na 

HaHde 


days 

ml. 

ml. 







0 

11.56 

11.23 

11.40 

5.75 

0.5211 

0.1101 

0.6312 

0.6182 

8.8 

(High) 

5 

13.00 

12.65 

12.83 

5.75 

0.5035 

0.1231 

0.6266 

0.6164 


10 

13.66 

13.27 

13.47 

5.90 

0.5163 

0.1091 

0.6254 

0.6133 


0 

11.18 
11.H) 

11.40 

5.75 

0.5211 

0.1101 

0.6312 

0.6182 

8.2 

(Con¬ 

trol) 

5 

12.11 

11.83 

12.25 

5.65 

0.5101 

0.1162 

0.6263 

0.6158 


10 

12.62 

12.43 

12.82 

5.70 

0.4946 

0.1258 

0.6204 

0.6121 


I Gram moles X 10* = 
Ratio' per liter X volun 

K^! 

Na 


4.72 


5.9401.255:7.195 


K 1 Na 1 


! ^ + 


Na 


4.096.460,1.5798.039 


4.73 6.9561.4698.425 


|4.72i5.9401.255 7.1951 

! I : 


I 


4.346.2541.4247.678 


3.93 6.341 1.613.7.954 


TABLE III 

Gain in Moles of Potassium in Section A, Experiment 1 



Gain at 
pH 8.8 

Gain at 
pH 8.2 

(Gain at pH 8.8) -5- (Gain at pll 8.2) 

Time 

Observed 

Calculated 




Entering as KOH 

Ionic exchange 

days 

0- 3 


0.083 

2.74 

5.72 

1.44 

3-10* 

mmiSm 

0.087 

2.76 

5.44 

0.85 

10-15 

0.074 

0.015 

5.0 

5.43 

0.98 




Av, =3.5 

Av. = 5.53 

Av. = 1.09 


* No calculation is made for the period between the 3rd and the 6th day since 
the table shows a loss in moles at pH 8.2 (this is probably due to experimental 
error). 
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would be expected if potassium entered as KOH at the pH values 
stated. In this connection we may consider the following: 

(a) In spite of the flow of sea water, the pH just outside the proto¬ 
plasm'® undoubtedly rose greatly as the result of photosynthesis and 
this rise was much greater in the controls than in the cells placed in 
sea water at 8.8. Hence the difference between the two lots of cells 
was undoubtedly very much less than that assumed in making the 
calculation. This will be discussed presently (p. 740). 

(b) The high pH may change the protoplasm (e.g. by leaching as 
in the case of Nitella^^). Such disturbing factors are probably re¬ 
sponsible for the fact that in general growth does not go on increasing 
indefinitely as the pH is raised, but reaches an optimum and then 
declines. 

In the absence of these disturbing factors we might expect the behav¬ 
ior of potassium to proceed more nearly according to calculation and 
this seems to be the case. When, for example, we raise the concentra¬ 
tion of KCl in the sea water from 0.011 m to 0.024 m (without changing 
the pH) a calculation of data in a former paper® shows that the rate of 
entrance should increase 2.95 times (calculation on the basis of ionic 
exchange gives about the same). In 20 days the observed increase 
was 2.24 times. The discrepancy is not great and may be due to small 
differences in pH. 

B. At Low pH: Flowing Sea Water 

In these experiments the cells were exposed to running sea water 
(day and night) at pH 6.8 and at pH 8.2. They were kept out of 
doors (shaded from direct sunlight). In the first experiment the pH 
was adjusted in the manner previously described and the fluctuations 
during the experiment did not exceed 0.2 pH unit. The results are 
given in Table IV. 

Here the rate of growth was greater in the control than at the low 
pH, and the rate of entrance of moles of potassium was from 2.2 to 4 
times as great. This is a smaller difference than we should expect if 

'®/.e., in the cell wall and in the film between the protoplasm and the cell 
wall where the flow of sea water would have relatively little effect. 

“ Osterhout, W. J. V., and Hill, S. E., /. Gen. Physiol., 1933-34,17,99. Oster- 
hout, W. J. V., Ergehn. Physiol, 1933,36, 988. 
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there were no photosynthesis. Indeed we should expect potassium 
to come out at the low pH. However, it has been pointed out (p. 734) 
that the photosjmthetic effect makes it impossible to make reliable 
quantitative calculations.^* 

Another variation is illustrated by Experiment 2. This was 
actually a preliminary experiment, but it raises an interesting point. 
Here the behavior of cells exposed to low pH and normal sea water was 


TABLE iv 

Analytical Data on Saps of Valonia 
Section B, Experiment 1 {pH Relatively Constant) 


Nominal pH 
of sea water 

Time 


Molecular concentrations 

Ratio 

K 

Vol- 

Gram moles X lO^ = moles 
per liter X volume 


sap 

K 

Na 

K + Na 

Halide 

Na 

ume* 

K 

Na 

K -f 
Na 

Halide 


days 

0 

5.90 

0.4782 

0.1634 

0.6416 

0.6180 

2.93 

ml. 

7.30 

3.491 

1.193 

4.684 

4.511 

8.2 

3 

S.90 

0.4673 

0.1668 

0.6341 

0.6103 

2.80 

7.85 

3 668 

1.310 

4.978 

4.791 

(Control) 

6 

5.85 

0.4835 

0.1467 

0.6302 

0.6232 

3.29 

8.17 

3.950 

1.198 

5.149 

5.091 


10 

5.70 

0.4790 

0.1470 


0.6128 

3.26 

8.29 

3.972 

1.219 

5.191 

5.080 


15 

5.65 

0.4727 

0.1528 


0.6128 

3.09 

8.49 

4.013 

1.297 

5.310 

5.203 



5.90 

0.4782 

0.1634 




7 30 

3.491 

1.193 

4.684 

4.511 

6.8 

3 

5.75 

0.4703 

0.1624 

0.6327 

0.6122 


7.52 

3.536 

1.221 

4.757 

4.602 

6 

5.70 

0.4677 

0.1649 

0.6326 

0.6201 


7.71 


1.270 

4.876 

4.781 

(Low) 


5.75 

0.4638 


0.6289 

0.6111 

2.81 

7.81 

3.622 

1.290 

4.912 

4.773 


15 

5.65 

0.4661 


0.6298 

0.6182 

2.85 

7.99 

3.724 



4.909 


* See note (*) under Table II. The factor to bring both volumes to the same 
value at the start was 7.30 + 7.07 applied to the lot at pH 6.8. 


about the same (Table V). This is not surprising in view of the 
special conditions (this is discussed on p. 740). 

The cells were exposed in the same way as in Section A, but the 
adjustment of the pH to 6.8 was accomplished by shaking with 0.6 N 
HCl without aeration. Here the pH fluctuated as stated below. 

'* To calculate the pH at which potassium should begin to come out involves 
an accurate knowledge of individual ion activities which is not possible to obtain. 
Cf. Guggenheim, E. A., J. Phys. Chem., 1929, 33, 842; Macinnes, D. A., The 
meaning and calibration of the pH scale, in Cold Spring Harbor symposia on 
quantitative biology, Cold Spring Harbor, Long Island Biological Association, 
1933,1,190. 
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The pH was determined at 24 hour intervak and each time it was found that 
an increase had taken place and more acid had to be added to bring it back to 
the neighborhood of 6.8. The highest point reached was 7.4 and as the experi¬ 
ment proceeded the magnitude of the rise decreased. The explanation seems to 
be that when sea water is acidified it tends to remain supersaturated with respect 
to free CO 2 for a period which depends largely on the amount of agitation it 
receives.” 

The observed rise of the pH to 7.4 is not, of course, sufficient to make the 
value of (Ko) (OH<,) for the low pH group equal to that for the normal group but 
there is good reason to believe that (OH*) for the low group may have been less 
than usual. For it is well known that free CO 2 in the sea water penetrates into 
the vacuole very rapidly and produces a marked decrease in the pH. Hence in 


TABLE V 


Analytical Data on Saps of Valonia 
Section jB, Experiment Z {pH Fluctuating) 


Nominal 
pH of sea 
water 

Time 

pH of 

Molecular concentrations 

Ratio 
K -4- 

Vol- 

Gram moles X 10* = moles 
per liter X volume 

sap 

K 

Na 

K + 
Na 

Halide 

Na 

ume 

K 

Na 

K-l- 

Na 

Halide 


days 

0 

6.15 

0.4952 

0.1408 

0.6360 

0.6275 

3.52 

ml. 

8.73 

4.323 

1.229 

5.552 

5.478 

6.8* 

(Low) 

3 

6.15 

0.4929 

0.1408 

0.6337 

0.6325 

3.50 

9.04 

4.456 

1.273 

5.729 

5.689 

6 

6.00 

0.4877 

0.1381 

0.6258 

0.6269 

3.53 

9.15 

4.462 

1.264 

5.727 

5.736 

10 

5.90 

0.4870 

0.1388 

0.6258 

0.6250 

3.51 

9.27 

4.515 

1.287 

5.802 

5.794 


15 

6.00 

0.4811 

0.1470 

0.6281 

0.6244 

3.27 

9.39 

4.518 

1.380 

5.898 

5.863 


* For corresponding control experiment at pll 8.2 see Table I. 


sea water supersaturated with CO 2 the internal pH ought to be lower. The pH 
measurements on the sap do not show this, but these measurements were made 
on saps extracted in the morning when the sea water pH had risen. However, the 
following supplementary experiments described below indicate that the internal 
pH actually can be changed to a considerable extent by rapidly changing the 
outside pH under these conditions. 

About 100 cells, whose sap had an average pH of 5.9, were placed in 500 cc. 
of sea water the pH of which had been reduced by the addition of 0.6 n HCl to 


We find that if all the FI Cl required to bring the pH of 16 liters of sea water 
down to the neighborhood of 7 is added at once, it requires about 5 hours of 
aeration, at a rate roughly estimated to be about 10 liters of air a minute, to 
relieve the supersaturation. 
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TABLE VI 

Analytical Data on Saps of Valonia 
Section C, Experiment I {Cells in Bottles) 

Nominal Ad- .o Molecular concentrations J HilS y TOlumr**’''* 

pH of T,:„. Vol- justed P? P*'l>ter X volume 

*^sea Time rf - k + 1 - 

““'t K Na K -1- Na Halide I K Na Halide 

_ ! __ 

days ml ml. 

0 69 5.95 0.5195 0.1104 0.6299 4.715.5531.1806.733' 


2 11.46 5.75 0.5173 0.1135 0.6308 0.6139 4.565.9281.3017.229!7.035 

8.8 11.75 i 

High) j 

6 11.78 5.80 0.5189 0.1097 0.6286 0.6182 4.736.1131.2927.4057.282 

11.98 

9 11.93 5.75 0.5263 0.10190.6282 0.6254 5.166.2781.2167.4947.461 

12.12 ; 


10.69 5.95 0,5195 0.1104 0.6299 4.7115.5531.1806.733 


11.38 5.70 0.5201 0.1091 0.6292 0.6196 4.77 5.9191.242 7.16117.051 


11.71 5.75 0.5233 0.1070 0.6303 0.6260 4.896.1281.2537.38i;7.330 


11.92 5.75 0.5145 0.1256 0.6403 0.6302 4.096.1331.4987.6317.511 


0 10.27 10.69 5.95 0.5195 0.1104 0.6299 4.715.5531.1806.7331 

I 

6.8 2 10.6011.03 5.65 0.5084 0.1156 0.6240 0.6196 4.405.6081.2756.883|6.834 

(Low) 6 10.6411.08 5.75 0.5026 0.1193 0.6220 4.215.5681.3226.890 



9 10.71 11.15 5.70 0,4964 0.1289 0.6253 0.6128 3.855.5341.4376.9716.832 


* See note (*) under Table II. 

t See note under Table I. Factors for bringing the volumes to the same value 
at the start are 10.69 4- 9.84 applied to the control and 10.69 10.27 applied 

to the lot at pH 6.8. 
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6.5 (without aeration). 15 minutes later the average pH of the cell sap was 5.6, 
and 30 minutes later it was 5,0. The sea water was then shaken vigorously to 
remove the excess CO 2 , and after 15 minutes’ exposure the pH of the sap had 
risen to 5.85. 

From this experiment it may be deduced that in the low pH group of Experi¬ 
ment 2 the inside pH was for a considerable part of the time less than normal so 
that the value of (Ko)(OHo) - (Ki)(OHj) was greater than usual. It is useless 


TABLE VII 

Analytical Data on Saps of Valonia* 
Section C, Experiment 2 {Cells in Tubes) 


Nominal pH 
of sea water 

Time 

pH of 
sap 

Molecular concentrations 

Ratio 

K -h Na 

Volumet 

Gram moles X 10* =* 
moles per liter X volume 


K 

Na 

K-f Na 


K 

Na 

K +Na 


days 

0 

6.15 

0.5051 

0.1234 

1 

4.09 

ml. 

13.29 

6.713 

1.640 

8.353 

8.8 

2 

5.90 




3.95 

13.63 

6.838 

1.734 

8.572 

(High) 

5 

5.90 


0.1173 


4.31 

13.92 

7.042 

1.632 

8.674 


10 

6.00 

JQI 


mii 

3.43 

14.19 

6.892 




0 

6.15 




4.09 

13.29 

6.713 

1.640 

8.353 

8.2 

2 

5.90 



0.6283 

3.94 

mi 

6.846 

1.736 

8.582 

(Control) 

5 

5.90 



0.6288 


tsst 


1.762 



10 

5.95 


0.1395 

0.6274 

3.50 

14.22 

6.938 

1.984 

8.922 


0 

6.15 

0.5051 

UQ 


4.09 

13.29 

6.713 


8.353 

6.8 

2 

5.90 

0.5026 

yng 



13.35 


1.598 


(Low) 

5 

6.00 

0.4834 



3.69 

13.61 

6.579 

1.787 



10 

5.75 

0.4805 



3.51 

13.77 

6.616 

1.882 

8.498 


* Owing to lack of material no determination of halide was made, 
t See note under Table I. The factors for bringing all volumes to the same 
value at the start are 13.29 + 12.54 applied to the control and 13.29 + 13.27 
applied to the lot at pH 6.8. 


to attempt to deal with the question quantitatively, but it may be said with 
confidence that the gradients of the low and normal groups of the experiment 
must have been much closer than the pH values given in Table V would indicate. 

C. At High and Low pH: Sea Water Not Flowing 

In these experiments no effort was made to prevent the change of pH 
due to the photosynthetic removal of CO2. On the contrary, the 
effect was exaggerated by illuminating the cells constantly with 
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artificial light. In each experiment in this section there were three 
groups of cells. One was exposed to sea water at pH 6.8, one at pH 



Fig. 2. Moles of potassium and of sodium entering Valonia at high pH (about 
8.8) and in a control experiment where the pH just outside the protoplasm was 
about 8.2 at the start and probably rose to the neighborhood of 8.8 during the 
experiment as the result of photosynthesis. (Sea water not flowing.) The curves 
labelled “low pH’^ relate to an experiment in which the pH was 6.8 at the start 
and probably did not rise much since the supply of CO 2 was reduced. Average 
of Experiments 1 and 2, Section C. The curves are drawn free-hand to give an 
approximate fit. 


Moles Na in sap 
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8.8, and one at 8.2. These were the pH values at which the experi¬ 
ments began. Rapid and extensive changes due to the photos)nithesis 
of the cells took place. These will be discussed presently. 

The results are given in Tables VI and VII (see also Fig. 2^^). 

In Experiment 1 the cells were exposed in bottles holding 250 cc., the light 
being furnished by a 500 watt light at a distance of about 18 inches. About 2 
inches of distilled water was interposed between cells and light to serve as a heat 
filter. 

In Experiment 2 the cells were exposed in large glass tubes the light being 
furnished by nine 100 watt lights in three rows: the tubes containing the cells 
were placed 18 inches above the lights. As before, about 2 inches of distilled 
water was interposed as a heat filter. 

The sea water was changed daily. This change reduced the pH temporarily 
but it soon rose again under the influence of photosynthesis. 

It is evident that at both the high and the normal pH the rate of 
growth and the rate of increase in moles of potassium was approxi¬ 
mately the same. This is to be expected in view of the effects of 
photosynthesis, which may be summarized as follows: 

It is well known that marine plants increase the pH of the sea water during the 
day time. Thus McClendon^® reports that in the Tortugas the pH of the sea 
water over well lighted bottoms rich in vegetation rises from 8.18 at night to 
8.35 during the day. Crozier^® states that in Fairyland Creek, a tidal inlet in 
Bermuda, where Valonia formerly grew luxuriantly, the pH at the head of the 
creek rises to 8.3 during the day, while in the Great Sound at the north it is 8.07. 
He considers this to be due to photosynthetic abstraction of CO 2 . The same 
investigator also found that Valonia kept in an aquarium raises the pH of normal 
sea water to the neighborhood of 9.5, by removing the CO 2 for photosynthesis. 

It was therefore to be expected that in the limited volume of sea water here 
employed the pH would rise rapidly (as found, for example, by Osterhout and 
Haas in experiments on Ulva>‘’), 


This is based on an average of Experiments 1 and 2. Since the times were 
not in all cases the same in both experiments some of the values were estimated 
by graphic interpolation which in this case involved little or no error. 

McClendon, J. F., Carnegie Institution of Washingtony Pub. No. 252, 1918, 

254. 

Crozier, W. J., J. Gen. Physiol., 1918-19,1, 581. 

Osterhout, W. J. V., and Haas, A. R. C., Science, 1918, 47, 420; J. Gen. 
Physiol, 1918-19,1,1. 
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In one experiment, for example, we found that when 2 liters of sea water were 
exposed to about 600 cells (of about 200 cc. volume) the pH rose from 8.3 to 8.8 
in 5 hours and to 9.4 overnight (in this case continuous artificial illumination was 
used). 

In another experiment with natural illumination (outdoors in the shade) the 
pH of 100 cc. of sea water in contact with 30 cells (with a volume of about 15 cc.) 
rose from 8.3 to 9.3 in 10 hours. 

In neither case was the sea water stirred so that it seems probable that in the 
vicinity of the cells the change in the pH was much more rapid. Doubtless the 
pH of the sea water in contact with the outer layer of the protoplasm becomes 
greater than normal as soon as the cell is illuminated. 

In other experiments sea water at pH 9.0 was exposed to cells and illuminated. 
Here also there was a rapid increase in the pH but the final value was only 9.3 to 
9.4. Thus it appears that there is a definite limit to which the pH of Bermuda 
sea water can be raised by the removal of CO 2 , and that this limit is about the 
same whether the sea water before the experiment is at normal or high pH. It 
was also found, as stated previously, that when the pH rose to 9.4 CaCO.^ was 
precipitated. A study of the dissociation curve of CO 2 in sea water'® shows that 
at pH 9.4 an appreciable part of the total amount of CO 2 in the system must be 
in the form of carbonate ion. But the sea water where the bottom is entirely 
calcareous is certainly saturated or nearly saturated with respect to CaCOs,'® so 
that when the activity of CO3 ion is raised CaCOa is salted out. Hence the pH 
is buffered at that point.*® 

It was further observed that the pH of sea water raised by photosynthesis could 
be lowered readily to its original value by equilibrating it again with the CO 2 
of the atmosphere by aeration.*' 

It should be pointed out that CO 2 from two sources will tend to offset the loss 
of CO 2 in the sea water imbibed in the cellulose wall: CO 2 may diffuse in from 
the surrounding sea water and out from the protoplasm (where it is produced 
during respiration). Respiration is, of course, going on constantly but obviously 
the amount of CO 2 produced is less than the loss due to photosynthesis as long 
as the cell is illuminated. When illumination ceases it becomes important as the 
following experiment shows. 

A group of cells in sea water in a closed bottle were placed outside in the shade 


^^Osterhout, W. J. V., and Dorcas, M. J., 7. Gen. Physiol.^ 1925-26, 9, 255. 
McClendon, J. F., Carnegie Institution of Washington^ Pub. No. 252^ 1918, 

256. 

Part of the buffer capacity of sea water is due to other acids than carbonic, 
for example, boric, phosphoric, silicic, and possibly arsenic, but the amount of 
any of these is so small that they may be neglected in this discussion. 

This, of course, refers to sea waters which had not been allowed to remain 
long enough at the high pH to lose much calcium carbonate. 
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SO that in 10 hours the pH of the sea water rose from 8.3 to 9.3. They were then 
kept in the dark for 12 hours and the pH fell to 8.6. They were again illuminated 
and the pH rose to 9.3. Finally they were darkened again for 12 hours and the 
pH fell to 7.9.** In a control experiment in which sea water without cells was 
treated in exactly the same way the pH (which was 8.3) did not change. 

Such effects of photosynthesis appear to be chiefly responsible for the 
difference between Sections A and C. 

In the latter these effects were allowed to develop fully. The illumination 
was continuous and the sea water over the cells was changed just enough to pre¬ 
vent the possible exhaustion of other substances in the sea water which the cells 
might need. Under these conditions we may expect that in the control and high 
pH sea water the actual pH would be most of the time near 9.4. Daily deter¬ 
minations of the pH showed this to be the case, and when the sea waters were 
replaced by fresh samples having the correct pH it rose in a few hours to 9.4. 
The pH just outside the protoplasm would of course rise more rapidly than in 
the main body of the sea water. It is therefore not surprising that the normal 
and high pH groups in Section C behaved in the same way. 

In Section A the pH was controlled as far as possible by passing the sea water 
fairly rapidly over the cells. The CO 2 content was restored by frequent aeration. 
The illumination was natural and therefore intermittent, so that for part of the 
time photosynthesis was abolished. The measured pH of the sea water did not 
change much in either group. Here, as would be expected, there was a distinct 
difference between the control and the high pH groups. 

Let US now consider the behavior of cells at low pH. In both ex¬ 
periments the rate of growth was much less at the low pH than at 
either normal or high pH. Potassium moles did not change much. 
It is important to note that although in these low pH groups the 
external pH was much higher than the nominal 6.8 because of photo¬ 
synthesis, it could not rise to the point reached by the normal and 
high pH groups. This is because in the process of reducing the sea 
water pH about 19/20 of the bicarbonate originally present was 
removed. 

In one experiment for example in which about 600 cells (of about 200 cc. volume) 
were exposed with constant artificial illumination to 2 liters of sea water originally 


^*This indicates that the sea water was slightly supersaturated with CO 2 , 
which might easily happen in a small volume of sea water in a small tightly stop¬ 
pered bottle. 
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at 6.8 the pH rose to 7.7 in 5 hours and overnight to 8.4, but not higher after 
further exposure. It seems probable therefore that even in the layer of sea water 
just outside the protoplasm the pH did not rise much above 8.4. This would 
explain the difference between the cells in low pH as contrasted with those at 
normal and high pH. 

Summarizing the experiments with illumination, constant or inter¬ 
mittent, we find that in all cases where a pH difference was maintained 
the growth and rate of entrance of potassium were greater at the higher 
pH. 

In those cases where, in spite of nominal differences of pH, the 
cells behaved alike it is probable that, owing to photosynthesis, or 
supersaturation of the sea water by CO 2 , little or no actual difference 
existed. 


D. Experiments in the Dark 

In an effort to avoid the changes in the pH of the sea water due to 
photosynthesis, some experiments were carried out in the dark at high 
(8.9) and low (6.9) pH with a control at pH 8.2. In these experi¬ 
ments the cells were exposed either in 2 liter bottles or large Pyrex 
tubes darkened by the application of several coats of black Duco. A 
rapid flow of sea water was maintained in all cases. In normal and 
high sea water in contact with cells there was a tendency for the pH 
to fall slightly but this was easily corrected by aeration. In the 
second experiment of this series the potassium content of the sea 
water was raised to five times the normal value.*® 

The results of the experiments in the dark may be summarized as 
follows. There was no definite evidence of growth at any of the pH 
values studied, even when the gradient was raised by increasing the 
potassium content of the sea water to five times normal. Nor was 
there any decisive drift in the rate of entrance of potassium moles 
except that in the low pH group there is some indication that potas¬ 
sium came out of the cells, especially in the experiment in which the 
concentration of the potassium in the sea water was normal. 

The fact that the uptake of electrolytes depends on light accords 

This was done as described in a previous paper by the addition to normal 
sea water of suitable amounts of artificial sea water, in which all the sodium was 
replaced by potassium. C/. footnote 3. 
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with the experience of Hoagland^^ and his collaborators, and of M. M. 
Brooks,^® and with our own earlier experiments.^® 

To explain the failure of cells to grow and take in potassium we may 
consider the following: 

In the first place account must be taken of the effect of respiration in the dark. 
The CO 2 produced in the cell may diffuse out and produce a pH change in the 
layer of sea water next to the outside of the protoplasm. The following experi¬ 
ments show that changes do occur but they are not nearly as extensive as those 
produced by photosynthesis.^^ 

In these experiments sea waters at three pH’s after adequate aeration were 
exposed to cells in darkened Pyrex bottles and the changes compared with those 
in the same sea waters not exposed to cells. The results are given in Table VIII. 

The pH tends to fall slightly, not enough to explain the failure of the cells to 
grow in the dark at high pH and take in potassium when its concentration outside 


TABLE VIII 

pll of Sea Water Surrounding the Cells 


Time 

Low pH 

Control 

High pH 

Control 

Experiment 

Control 1 

Experiment 

Control 

Experiment 





B 


8.5 







8.3 





■9 


8.1 


was five times normal. We must bear in mind, however, that owing to respiration 
the pH just outside the protoplasm may be considerably lower than in the main 
body of sea water. 

It seems much more probable that the failure to grow is due to the inability 
of the cell to manufacture cellulose in the dark. This might prevent the 
stretching of the cell wall and so render growth impossible. This is the more 
likely since there is little or no storage of carbohydrate in these cells. 

It might be supposed that even in the absence of growth potassium and sodium 
would continue to enter. If this occurred the osmotic pressure would rise and 

Hoagland, D. R., and Davis, A. R., 7. Gen. Physiol.^ 1923-24, 6, 47. Hoag- 
land, D. R., Hibbard, P. L., and Davis, A. R., J. Gen. Physiol. y 1926-27,10, 121, 

Brooks, M. M., Protoplasma, 1926,1, 305. 

2 ® Cooper, W. C., Jr., and Osterhout, W. J. V,, J. Gen. Physiol.^ 1930-31, 
14, 117. 

This, of course, is not unexpected for respiration is going on steadily even when 
the cell is illuminated and therefore CO 2 is coming out of the vacuole, but clearly 
so slowly that it does little to offset the photosynthetic abstraction of COj. 
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put an increasing pressure on the cell wall and this might be expected to check 
the further entrance of electrolytes. It would seem that this situation needs to 
be clarified by further investigation since in Nitella the concentration of electrolytes 
and the osmotic activity in the sap rise far above those in the pond water, but it 
must be remembered that in the latter they are exceedingly small and that in 
the sap they never reach the values found in Valonia. 

In experiments in the dark at pH 6.8 (Ko) (OHo) is less than (K*) (OH.) and 
we should therefore expect potassium to come out of the cell, as indeed it did. 
In 15 days the loss in K moles was 4.4 per cent as compared with a loss of 0.12 
per cent in the control and a gain of 1.9 per cent at pH 8.8. The rate of decrease 
of potassium moles was rather slow and it was compensated by a gain of sodium 
moles. This would be expected since (Na®) (OHo) is greater than (Na») (OH*). 

The third possible explanation of the failure of the cells to grow in the dark 
and take in potassium derives from the suggestion^® that the entrance of electro¬ 
lytes may depend on the presence in the protoplasm of certain acids which act 
as carriers of potassium (see p. 747), as guaiacol acts in a model which accumulates 
potassium. If such carriers exist in Valonia they may be fugitive compounds 
present only during photosynthesis. 

In view of the fact that we are inclined to emphasize the importance of a 
carrier in cell permeability, the following may be of some significance. Hundes- 
hagen^® has synthesized a diglyceryl stearyl phosphoric acid, the sodium and 
potassium salts of which are more soluble in non-polar organic solvents than in 
water: this applies in even greater degree to the calcium salt. Recently Chibnall 
and Channon®° have demonstrated the presence of a very similar compound in 
the form of the Ca salt in a variety of cabbage {Brassica oleracea^ L.). Still more 
recently Smith and Chibnall®^ have extracted a similar compound from Dactylis 
glomerata^ L. It is interesting, therefore, to consider whether the carrier in the 
protoplasm may not be some such compound. 

It may be noted that the compounds described arc related to the phosphatidcs 
according to the following scheme®^ 



CilaOCORa 

I 

CHOCOK, 



The Ca salt of the A phosphatide 

diglyceryl phosphoric acid 


28 Osterhout, W. J. V., and Stanley, W. M., /. Gen. Physiol, 1931-32,16, 667 
22 Hundeshagen, F., J. prakt. Chem., 1883, 28, n. s. 2, 219. 

82 Chibnall, A. C., and Channon, H. J., Biochem. /., London, 1927, 21, 225. 
8^ Smith, J. A. B., and Chibnall, A. C., Biochem. /., London, 1932, 26, 1342. 

82 Here Ri, R*, etc., are different fatty acid residues (each taken once). 
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This is of interest in connection with the claims^^ of Hansteen-Cranner, Grafe, 
Magistris, and others that phosphatides are present in the protoplasmic surfaces 
and play an important part in determining their permeability. 

If the substances concerned resembled those described by Hundeshagen we 
might expect them to collect in the non-aqueous protoplasmic surfaces and to be 
very slowly dissolved out by distilled water: this action would be checked by the 
addition of calcium to the distilled water. To this extent the picture fits the 
situation found in the protoplasmic surface of NiUlla?^ Whether HCl and NaOH 
would dissolve these salts (when mixed with other substances) more rapidly than 
distilled water (as we might infer from the experiments on Nitella) is not known 
but may not be impossible. 

There are, however, other changes which accompany the pH changes of the 
sea water, which may have some effect. Thus the changes in the COjj-HCOa-COj 
buffer system may be important. For example, at both high and low pH in 
our experiments the concentration of the bicarbonate ion was reduced. Hence, 
if, as M. M. Brooks^® believes, sodium or potassium bicarbonate can pass through 
the protoplasm as such, account must be taken of this factor. But both experi¬ 
ment®® and theory seem opposed to this.®^ Further it might be thought that 
the reduction of bicarbonate outside would change the rate of exchange of bi¬ 
carbonate ion for chloride ion. These points, however, cannot be settled without 
further experiment. 

It may be added that the temperature of illuminated cells is higher than that 
of the surrounding solution. 


DISCUSSION 

The effect of pH might be thought to indicate that potassium pene¬ 
trates as K+ which enters in exchange for produced in the cell 

Hansteen-Cranner, B., Zur Biochemie und Physiologic der Grenzschichten 
lebender Pflanzenzellen, Christiania, Gr0ndahl and S0ns, 1922. (Meldinger fra 
Norges Landbruksh^iskole, 1922, 2, Nos. 1 and 2.) Grafe, V., Biochem, Z., 
Berlin, 1925, 169, 445; 1929, 206, 256; BeUr, Biol. anz., 1928, 16, 129. 
Grafe, V., and Horvat, V., Biochem. Z., Berlin, 1925, 169, 449. Grafe, V., 
and Magistris, H., Biochem. Z., Berlin, 1925, 162, 366; 1926, 176, 266; 177, 
16. Grafe, V., and Ose, K., Biochem. Z., Berlin, 1927, 187, 102. Grafe, 
V^, and Freund, K., Beitr. Biol. Pflanz., 1928, 16, 140. Magistris, 11., 
Biochem. Z., Berlin, 1929, 210, 85. Magistris, H., and Schafer, P., Biochem. Z., 
Berlin, 1929, 214, 440. Thierfelder, H., and Klenk, E., Die Chemie der Cere- 
broside und Phosphatide, Berlin, Julius Springer, 1930. 

Osterhout, W. J. V., and HiU, S. E., /. Gen. Physiol., 1933-34,17, 87. 

Brooks, M. M., Puh. Health Rep., U. S. P. H. S., 1923, 88, 1470. These 
results might be explained equally well as due to the entrance of KOH. 

®® Jacques, A. G., and Osterhout, W. J. V., /. Gen. Physiol., 1929-30,13, 695. 

Osterhout, W. J. V., Ergchn. Physiol., 1933,36,984,993; 1002. 
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(the ions passing as such through the protoplasmic surface). But the 
calculations of Table III show that at the pH values stated the change 
in the rate of entrance would then be much less than actually observed. 
These calculations are made as follows. 

The rate of entrance would be proportional to (K„) (H.) — (K<) (H*). 
Hence,** other things being equal, we may put for the first period in 
Table I 


Rate at pH 8.8 0.12 (10-« “) - 0.49S2 (lO"* *) 

Rate at pH 8.2 “ 0.12 (10-» “) - 0.4052 (lO"' *) “ ‘ 

In this way we obtain the values in Table III. The average for the 
three periods is 1.09 which does not agree so well with the average 
observed value of 3.5 as does that of 5.53 calculated on the assumption 
that potassium enters as KOH, The effects of photosynthesis would 
make the observed value less than the calculated (see p. 740). But 
there seems to be no way of explaining the discrepancy between the 
values of 1.09 and 3.5 except by assuming that ionic exchange is 
unimportant. 

As ionic exchange has recently been discussed elsewhere** it is not 
necessary to deal with it at length here. We need only say that in 
general its r61e appears to be a very subordinate one in the entrance of 
electrolytes. 

Let us now consider in more detail the idea that potassium enters 
chiefly as KOH. If this should come about as in certain models** 
(where potassium accumulates) we may suppose that KOH unites 
with an acid HY in the protoplasmic surface to form KX which 
reacts with CO* in the sap to form KHCO 3 . The rate of entrance 
would then be proportional** to (K») (OH,) — (Ki) (OH,) and must 
therefore increase as the acidity of sap increases so that we may expect 
that as respiration increases the rate of entrance of electrolytes and of 
growth will also increase. This seems to be true in general since 
young, rapidly growing cells usually have a relatively high rate of 
respiration. This has been discussed elsewhere.**- 

**Osterhout, W. J. V., /. Gen. Physiol., 1930-31, 14, 277. 

** Osterhout, W. J. V., /. Gen. Physiol., 1932-33,16,529. Osterhout, W. J. V., 
Kamerling, S. E., and Stanley, W. M., J. Gen. Physiol., 1933-34, 17, 445, 469. 

We find that in models (footnote 28) when CO, stops bubbling the growth 
falls off. 
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The function of respiration in this connection appears to be twofold, 
not only keeping (OH<) low but also furnishing HCO* for exchange 
with Cl." An exchange of this sort is assumed in order to account 
for the fact that potassium accumulates as KCl.” It might also be 
suggested that HCl enters to displace CO 2 which can readily escape. 

The product (K,) (Cl.) is greater than (K,) (Cl,) and it is evident 
that energy is required to bring this about. Doubtless this is derived 
from respiration but the mechanism requires elucidation. In mod- 
elgjs. 37,39 yfQ are able to raise the product (K.) (HC 03 ^) far above 
(K,) (HCO3 J by simply bubbling CO 2 inside; i.e., without using any 
of the energy derived from the formation of CO 2 , so that we bring 
about accumulation by using what is ordinarily regarded as a waste 
product of the cell. 

When the rate of entrance of KOH increases slowly there may be little 
or no rise in the pH of the sap" because it may be prevented by the 
exchange of HCO3" for Cl~ or by the production of acid in the cell: 
but when KOH enters rapidly there may be a local rise in pH just 
inside which will check the entrance of KOH and this may explain 
why the rate of entrance at high external pH is less than the calcula¬ 
tion would indicate: a rise in pH in the sap as a whole is found in some 
cases (Tables I and II). We expect little or no change in the concen¬ 
tration of potassium or of halide since water will enter because of 
the increased osmotic pressure in the sap (this agrees with experi¬ 
ments): in consequence growth increases (Tables I and II). 

The opposite picture is seen when the external pH is lowered and 
the entrance of potassium falls off (Fig. 2, Tables IV to VII). 

Since the rate of entrance depends on the external pH it seems pos¬ 
sible that there may be considerable difference between light and 
darkness. In the light the value of (OH,) just outside the protoplasm 
would increase as the result of photosynthesis, thus favoring the 

Regarding evidence for this see footnote 37. We assume that HCO, and 
Cl pass in molecular form through the protoplasmic surface. 

" If KOH react with HX in the protoplasm to form KX and this in turn with 
H,CO» to form KHCO, in the sap the end result is the same as if KOI! penetrated 
as such (which would increase the pH of the sap). 
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entrance of KOH." In darkness the value of^(Ho) just outside the 
protoplasm would increase as the result of respiration, thus favoring 
the entrance of HCl. 

In conclusion it may be desirable to point out that the effects of 
photosynthesis here described would not alter the conclusions of former 
papers in cases where variation in the external pH is not significant, as 
for example in comparing the entrance of potassium from sea water 
containing 0.011 m and 0.24 m potassium.^ But in dealing with the 
exit of potassium the external pH is important and the calculations^* 
would be misleading when based on the measured pH of the sea water 
making no allowance for photosynthesis (unless compninsated by a rise 
in the pH of the layer of sap adjoining the protoplasm). 

Such considerations emphasize the importance of a constant flow 
of sea water to control the pH and other variables as far as possible. 

Let us now consider the relation between sodium and potassium. 
Calculations similar to that given on p. 731 show that raising the 
external pH should not increase the entrance of sodium so much as 
that of potassium. This agrees qualitatively with the data (Tables 
I and II) which show that the value of K -j- Na is greater at pH 8.8 
than at pH 8.15.*® Possibly this is due in part to changes in the proto¬ 
plasm caused by the higher pH.** 

The fact that in this case the penetration of electrolytes depends on 
the external pH leads us to ask whether this is of general application.*' 
Since as a rule growth depends on pH the following interpretation is 
offered for consideration. As the pH of the external solution rises 
from the minimum at which growth is possible the penetration of 
electrolytes increases, thereby raising the internal osmotic pressure 
and causing absorption of water, as seen in models.'® When the pH 

** If this went far enough it might affect the pH of the sap (as when NHs enters) 
unless compensated by the production of CO 2 in the sap. But since the volume of 
sap is so large it is not probable that the effect could ordinarily be detected. 

** Such calculations cannot have much accuracy since we do not know the 
individual ion activities. C/. footnote 12. 

** The decline of this ratio in the control might raise the question of injury but 
the cells appeared normal and the growth was good. 

*• C/. Osterhout, W. J. V., Ergebn. Physiol., 1933, 36, 1017. 

*' Regarding entrance of cations as hydrates, see Osterhout, W. J. V., Science, 
1912, 36, 571; Ergebn. Physiol., 1933,36, 971, 973, Bibliography references 119, 
193 a, 194,195. 
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rises above the optimum secondary changes occur; e.g., such altera¬ 
tions of the protoplasm as are seen in experiments on Nitella.^ 

SUMMARY 

It would be natural to suppose that potassium enters Valonia as 
KCl since it appears in this form in the sap. We find, however, that 
on this basis we cannot predict the behavior of potassium in any re¬ 
spect. But we can readily do .so if we assume that it penetrates 
chiefly as KOH. We may then say that under normal conditions 
potassium enters the cell because the ionic activity product (K) (OH) 
is greater outside than inside. This hypothesis leads to the following 
predictions: 

1. When the product (K) (OH) becomes greater inside (because 
the inside concentration of OH“ rises, or the outside concentration 
of K+ or of OH~ falls) potassium should leave the cell, though sodium 
continues to enter. Previous experiments, and those in this paper, 
indicate that this is the case. 

2. Increasing the pH value of the sea water should increase the 
rate of entrance of potassium, and vice versa. This appears to be 
shown by the results described in the present paper. 

It appears that photosynthesis increases the rate of entrance of 
potassium by increasing the pH value just outside the protoplasm. 
In darkness there is little or no growth or absorption of electrolytes. 

The entrance of potassium by ionic exchange (K+ exchanged for 
H+ produced in the cell), the ions passing as such through the proto¬ 
plasmic surface, does not seem to be important. 

Osterhout, W. J. V., and Hill, S. E., J. Gen. Physiol., 1933-34,17,99. 

Below the minimum and above the maximum pH visible alterations in the pro- 
tqilasm occur and in time there is permanent injury or death. 



THE PHOTOTROPIC EFFECT OF POLARIZED LIGHT 
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I 

An explanation has been given of the greater absorption of light in 
the farther half of a single, cylindrical cell illuminated in air with 
parallel light from one side (Castle, 1933 b). Measurements of light 
paths within two halves of a cylindrical lens in air show that a greater 
total distance is traversed by the refracted rays in the far half than in 
the near half. The explanation is based largely on the idea that the 
primary action of light is on the cell protoplasm rather than on the 
wall. This interpretation has been tested in the experiments de¬ 
scribed in this paper, by making use of differences in the phototropic 
effectiveness of different planes of polarized light. 

II 

The upright sporangiophore of Phycomyces placed between two 
sources of light opposed at 180° is remarkably sensitive to differences 
in intensity between the two beams. Massart (1888) found that the 
cells responded to an intensity difference between the two sides of 18 
per cent; Castle (1931) found a differential sensitivity of about twice 
Massart’s value, in the vicinity of 8 per cent. Response is mani¬ 
fested by an inclination to and growth toward the more intense light. 
The cell does not reach a true position of equilibrium with reference 
to the two beams, and it is therefore best used as a “null” indicator, 
to show equal effects on opposite sides. 

In the present experiments, two opposed beams of light plane polar¬ 
ized at right angles to each other were used. With reference to the 
vertically growing sporangiophores, one beam of light was polarized 
horizontally, the other vertically. 
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As shown in Text-fig. 1, two 3 candle power 6 volt automobile 
lamps were set up 2 meters apart and run in series on a 12 volt direct 
current line from the central storage battery of the Biological Labora¬ 
tories. Voltage fluctuations thus tended to affect both lamps equally. 
A large Nicol prism was interposed in each beam, and adjusted so that 
the transmitted beams were plane polarized at right angles to each other, 
one vertically, the other horizontally. 



Text-Fig. 1. Side view of the apparatus used to obtain opposed beams of 
polarized light, a,a, 3 candle power 6 volt automobile lamps run in series on a 
12 volt line. movable lamp used to obtain vertical growth of cells before an 
experiment, c, culture of Phycornyces in a glass cell. The axes of the two Nicols 
are at right angles, so that the left beam is polarized horizontally, the right 
vertically. 

A culture of Phycomyces was placed in a rectangular glass cell on a movable 
block at a particular place on the optical bench, and by means of a small electric 
lamp directly above the culture, sporangiophores were caused to grow up through 
a slit in the metal cover of the culture vessel. When the cells were at the proper 
stage of development, the overhead light was put out, and the lamps illuminating 
the cells from opposite sides with polarized light were turned on. Undisturbed 
growth was allowed to continue for 3 hours, then a photograph was taken of the 
cells from the side. Deviations from the vertical became more marked if the 
experiment continued for longer times. By using different cultures and varying 
the position on the optical bench, a region of phototropic balance was found where 
cells were either ‘‘indifferent,” bending toward neither one side nor the other, or 
where approximately equal numbers bent in each direction. The conditions for 
equal phototropic effect of light polarized in each plane were determined by meas¬ 
uring the relative intensity of each beam at this region, using a Weston photronic 
cell and a Leeds and Northrup type “R” galvanometer with a 50 ohm shunt. 
Since the intensities of light were low, the photocell method proved the only 
satisfactory means of measurement. To avoid errors due to changes in the sen¬ 
sitivity of the photocell, the ratio of galvanometer deflections obtained from each 
beam at a given point on the optical bench was obtained. The measurements 
are expressed in terms of this intensity ratio, which proved reproducible to within 
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2 per cent. The sensitivity of the photocell to different planes of polarization was 
tested by rotating it in a beam of polarized light. No significant difference in the 
galvanometer deflection was observed. Any polarization effect in the photocell 
must amount to less than 1 per cent. 

The end-point for equal and opposite phototropic effect is not as sharp as might 
be desired, for several reasons: (1) a positively phototropic organism is not in a 
condition of stable equilibrium under the circumstances of the experiment, since 
a random movement may place it under the sole orienting influence of either light 
source to the exclusion of the other. Furthermore, with equal phototropic stimu¬ 
lation on opposite sides, there is nothing but a weak negative geotropism to keep 
the cells upright in a plane perpendicular to the axis of the optical bench. Angular 
deviations of the sporangiophores from the vertical in this plane will alter, cancel, 
or reverse any differences between the effects of the two oppositely polarized 
beams. An experiment must therefore not be continued for such a long time that 
deviations from the vertical become prominent. (2) Until a certain intensity 
difference is reached between the two sides, no differential growth is perceptible. 
Massart found the critical difference to be 18 per cent, but this estimate is cer¬ 
tainly too high. For the present experiment, this means that a definite zone will 
be found within which approximate phototropic balance prevails. (3) Photo- 
tropic balance is achieved by equating two different kinds of light, having different 
distributions of intensity within the cell. It is assumed that each half of the 
cell in effect summates the light absorbed within it, irrespective of the particular 
place of absorption. If this assumption is not completely justified, there will be 
room for more specific phototropic effects in the action of light polarized in differ¬ 
ent planes. Such effects, if existent, would complicate the conditions for photo¬ 
tropic balance. 


Ill 

The critical experiment consists in placing a culture at a position 
where the intensities of the two opposed beams are equal, differing only 
in plane of polarization. Plate 1, Fig. 1 6, shows a typical photograph 
taken at the end of such a test. The mature, actively growing cells 
have almost all bent to the left, showing that light which is polarized 
horizontally is phototropically more effective than light of equal energy 
polarized vertically. Examination of the other photographs of Plate 1, 
Fig. 1, confirms this finding, and shows that for equal phototropic effect 
the beam polarized vertically has to be 10 to IS per cent more intense 
than the beam polarized horizontally. It is clear from these typical 
records that a more precise statement of the results is not justified, 
yet that a real difference exists in the effectiveness of the two beams. 

Light polarized horizontally will undergo a smaller reflection loss*at 
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most angles of incidence on the cell surface than light polarized verti¬ 
cally. The loss in each case may be computed from Fresnel’s formulae. 
For light polarized horizontally, 


-^reflected “ 


tan* a — r) ^ 
tan* (»■ -t- r) 


For light polarized vertically, 


/reflected “ 


sin* (i ~ *■) . 
sin* (f -|- f) ’ 


where 

/ = incident intensity 
i “ angle of incidence 
r » “ “ refraction 

For both planes of polarization, when i = 0 



where 

n = refractive index of the cell surface 

The percentage reflection losses of representative rays incident on the 
cylindrical surface of the cell at angles ranging from 0° to 90° were 
computed for both planes of polarization, and are given in Table I. 
In Text-fig. 2 the corresponding intensities transmitted into the cell 
are plotted against the angles of incidence. It is evident that in the 
case of light polarized horizontally, a large proportion of the rays in¬ 
cident on the cell at angles around 50° are refracted into the cell with 
little loss of intensity. As previously shown (Castle, 1933 b), it is 
especially these more tangential rays which have a long path in the 
back half of the cell relative to the front half. Consequently, greater 
relative absorption of light will take place there than in the case of 
light of equal intensity polarized vertically. 

The magnitude of the difference which might be expected may be 
estimated by formulating the conditions necessary for phototropic 
balance. The basic assumptions and the general procedure of the 
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method have already been described (Castle, 1933 b), and will not be 
detailed here. Use of polarized light is assumed only to alter the 

TABLE I 


Reflection loss and relative absorption in each half of a cylindrical cell of light 
plane polarized as described, h and k are taken from Castle ( 193 vS b). 


Angle of 
incidence 

f 

Sin 1 

Intensity loss by 
reflection 

Intensity of re¬ 
fracted beam 

Relative length of 
light pathway 

/ X/i 

a 

/ xk 

b 

rxix 

c 

VXk 

d 

Hori- 

2 ontally 

polar¬ 

ized 

Verti¬ 
cally po¬ 
larized 

Hori¬ 

zontally 

polar¬ 

ized 

/ 

Verti¬ 
cally po¬ 
larize 

r 

In front 
half of 
cell 

/i 

In back 
half of 
cell 

6 

degrees 


Per cent 

per cent 

Per cent 

per cent 







0.0 

0 

4.0 

4.0 

96.0 

96.0 

1.000 

1.000 

96.0 

96.0 

96.0 

96.0 

11.7 

0.203 

3.7 

4.2 

96.3 

95.8 

0.980 

1.000 

94.4 

96.3 

93.9 

95.8 

23.8 

0.404 

3.1 

5.0 

96.9 

95.0 

0.925 

0.992 

89.6 

96.1 

88.0 

94.2 

37.0 

0.602 

1.8 

7.0 

98.2 

93.0 

0.816 

0.985 

80.1 

96.7 

76.0 

91.6 

44.5 

0.701 

0 9 

9.0 

99.1 

91.0 

0.739 

0.990 

73.2 

98,1 

67.2 

90.1 

53.4 

0.803 

0.1 

13.1 

98.9 

86.9 

0.629 

1.010 

62.8 

100.8 

54.7 

87.8 

64.3 

0.901 

1.1 

21.3 

98.9 

76.9 

0.478 

1.045 

47.3 

103.3 

36.7 

80.4 

72.3 

0,953 

6.6 

34.0 

93 4 

66.0 

0.352 

1.105 

32.9 

103.2 

23.2 

72.9 

90.0 

1.0 

100.0 

100.0 

0 

0 

0 

1.380 

0 

0 

0 

0 


Tier cent 



Angle of incidence 


Text-Fig. 2. Intensity of refracted rays for different angles of incidence, 
computed from Fresnel’s formulae, a, incident beam polarized horizontally; 

incident beam polarized vertically. The index of refraction of the cell surface 
is taken as 1.5, that of air as unity. 


amount of surface reflection and thus the relative intensities of par¬ 
ticular rays within the cell. The further assumption is implicit that 
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the effect of continuous light of low intensity in producing phototropism 
is directly proportional to the intensity. 

Though it has been shown that light is refracted through these cells as if they 
had a mean refractive index of 1.38, in treating surface reflection the refractive 
index of the reflecting surface should be used. For the chitinous cell wall a value 
of w *« 1.50 was used in the present calculations, although the light paths inside 
the cell were considered as within a cylindrical lens of refractive index 1.38. Re¬ 
flection losses at the internal interface wall/protoplasni were neglected for the 
sake of simplicity. 



Text-Fig. 3. Diagrammatic cross-section of a cell illuminated from opposite 
sides with polarized light. Only one ray in each beam is shown. Detailed de¬ 
scription in the text. 


Let Text-fig. 3 represent a cross-section of a cell illuminated with 
parallel light from two sides, the beam on the left being polarized 
horizontally, that on the right polarized vertically. For simplicity 
only one ray in each beam is represented. Let the cell be considered 
in terms of the two halves, (1) and (2). Furthermore, let 

lo “ intensity of incident ray polarized horizontally 
/'o “ “ vertically 

I ■> transmitted intensity of ray polarized horizontally 
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/' » transmitted intensity of ray polarized vertically 
a ■= absorption of horizontally polarized ray in (1) 

^ XB ** ** ** ** ** ^2) 

c = ** “ vertically “ ** “ (2) 

sr ** 


Also, for any ray let 


h = length of light pathway in front half of cell* 
k = “ “ “ “ “ back “ “ “ 


The condition for phototropic balance is simply that the total ab¬ 
sorption in the two halves must be the same, or that for all rays 

S(<i -t“ “(“ c) 

The evaluation of a, b, c, and d is greatly simplified if the absorption 
coefficient, a, is regarded as infinitely small. If this assumption is 
made, the usual exponential form of the absorption law can be dispensed 
with, and relative absorption written equal to the product of intensity 
and length of absorbing path. Thus on this basis 

a = IXli C’^VXlx 

b<=ixii d^I'Xh 


The validity of this simplification depends on the exponent in the 
absorption law being small, implying either a thin absorbing layer 
or a small absorption coefficient, or both. Probably both of these 
conditions hold in the cell of Phycomyces. In any case, the following 
solution is for the limiting case of zero absorption. See Table I. 

To obtain the summated values of a, b, c, and d for all rays, graphic 
integration is carried out as previously described (Castle, 1933 b). 


SCa) = 2 ^ 

1 Ihd sin i 

0 

xid) = 2 

J 

f I%d sin i 
'0 

2(6) = 2 j 

1 sin i 

'o 

S(c) = 2J 

f riid sin i 
0 


The areas under the curves in Text-figs. 4 and 5 represent the relative 
amounts of absorption from two polarized beams of unit intensity 

* “Front” half of the cell is here used to denote that half of the cell through 
which any incident ray first passes. 
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incident as described. Table I gives the data from which the curves 
were made. It will be noted that the ratio of absorption in the two 
halves of the cell is different in the cases of the two oppositely polarized 
beams. 



Text-Fig. 4 Text-Fig. 5 

Text-Fig. 4. Plots showing relative absorption in front and back quadrants 
of the cell for different angles of incidence. The incident light is parallel and 
polarized horizontally. Twice the area under Curve 1 represents the total ab¬ 
sorption in the front half of the cell; twice the area under Curve 2 the absorption 
in the back half. 

Text-Fig. S. Plots showing relative absorption in front and back quadrants 
of the cell for different angles of incidence. The incident light is parallel and 
polarized vertically. Twice the area under Curve 3 represents the total absorption 
in the front half of the cell; twice the area under Curve 4 the absorption in the 
back half. 

Considering /„ as constant and equal to 1, what is wanted is the 
value of Vo which will fulfill the condition 

Ij is therefore allowed to increase, which means that the areas under 
the curves in Text-fig. 5 will simply be multiplied by whatever value 
of Ij is used. Table II shows that Ij must increase to between 1.20 
and 1.30 before the desired conditions are fulfilled. 
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This means that for phototropic balance the intensity of the ver¬ 
tically polarized light must be more than 20 per cent greater than that 
of the horizontally polarized light. The experimentally found figure 
was between 10 and 15 per cent. Considering the end-point of the 
experiment, it is clear that the difference between these values is not 
significant. The agreement could be made better if a small, finite 
value of absorption coefficient were used in the computations. 

The magnitude of the difference found between the effects of ver¬ 
tically and horizontally polarized light can therefore be completely 
accounted for in terms of the suggested mechanism of absorption. 
This does not prove that the assumptions underlying the explanation 

TABLE II 

Ratio of light absorbed in two halves of a cell illuminated from opposite sides 
with polarized light as described in the text. The incident intensity of the hori¬ 
zontally polarized beam is unity; that of the vertically polarized beam (/,,') is 
allowed to increase until the conditions for phototropic balance are met. 


incident intensity of vertically polarized light 

2(6 + c) 

2(0 +d> 

1.00 

1.021 

1.10 

1.010 

1.15 

1.006 

1.20 

1.001 

1.30 

0.993 


are correct. Verification of the expected polarized light effect is, 
however, circumstantial evidence in favor of the suggested explanation. 

IV 

A few tests have been made of the possible specific action of plane 
polarized light on living organisms, largely with negative results. 
Most conspicuously, the use of polarizing optical instruments implies 
that the human eye registers the intensity of light irrespective of its 
plane of polarization. Crozier and Mangelsdorf (1923) tested the 
phototropic efficiency of plane polarized light on several arthropods, 
and found no difference between it and non-polarized light of equal 
intensity. Macht (1927) reported that seedlings of several different 
kinds of plants grew faster in polarized light than in non-polarized 
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light of the same intensity. His published data do not warrant this 
conclusion. He measured and summated the growth of the roots of 
different seedlings, usually twenty in number, half of which grew in 
ordinary and half in plane polarized light. In every case the total 
growth was numerically greater in the polarized light. Due to the 
extreme variability in the growth rate, the whole question is whether 
the numerical differences found are statistically significant. Com¬ 
putation of the probable errors of the differences in the case of Macht’s 
squash seedlings shows that the differences are less than twice the 
probable errors of the differences. Similar computations for his 
Lupinus seedlings show differences ranging from less than one to four 
times the probable errors of the differences. Moreover, since the 
experimental conditions for securing light of identical spectral com¬ 
position in the two experimental chambers were not rigorous, the 
possibility of a small consistent difference in spectral quality of 
illumination is not excluded. 

The present experiments demonstrate a difference in the effect of 
light depending on its plane of polarization with reference to the axis 
of the cell. The differtence which is found can be wholly accounted 
for by differences in the reflection losses at the cell surface and conse¬ 
quently in the relative intensities of certain rays of light within the cell. 
There is no need to postulate a more specific effect of plane polarized 
light on the growth processes of the cell. The difference which might 
be exjiected between the effects of polarized and unpolarized light 
has not been determined. It should be smaller than the effect 
measured above, and its detection more difficult. 

I am indebted to Mr. William Arnold for suggesting the use of 
polarized light in these experiments and for many helpful discussions. 

SUMMARY 

For the growing cell of Phycomyces, a difference in the phototropic 
effect of light is described depending on its plane of polarization with 
reference to the axis of the cell. The difference which is found is 
primarily due to differences in the reflection losses at the cell surface. 
The magnitude of the effect approximates that deduced from the 
theory of phototropism suggested for this system. No specific effect 
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of plane polarized light on the growth processes of the cell need be 
postulated. 
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EXPLANATION OF PLATE 1 

Fig. 1. d, b, c, </, c, and / are photographs, taken at the end of 3 hours, of sepa¬ 
rate experiments in which cultures of originally straight cells were placed singly 
between two sources of light, the left polarized horizontally, the right vertically. 
The relative intensities of the lights on the two sides are expressed by the ratio 
given at the bottom of each plate. The top half of each photograph corresponds 
to the region where the intensities were measured, and where the mature, growing 
sporangiophores were. The degree of crowding in a culture is exaggerated, since 
the cells grew through a slit 2 cm. long perpendicular to the plane of the paper, 
and are here seen superimposed in silhouette. Real crowding and shading may 
be seen in the lower half of a. Note (1) that in h where the intensity ratio is 
nearly 1:1 the cells bend definitely to the left, and (2) that d and e represent ap¬ 
proximate phototropic balance. 
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Papers on the temperature relations of seedlings grown in darkness 
at several constant temperatures may be classified according to the 
length of the growing period during which measurements were made. 
Sierp (18), Silberschmidt (19), and Hamada (7) measured the lengths 
of oat coleoptiles throughout the grand period of growth, obtaining 
much the same results, although it is to be noted that arithmetical 
errors in Sierp’s table (18, p. 442) apparently led him to erroneous 
conclusions as to the position of the optimal temperature. Silber¬ 
schmidt (19) carried out experiments on pea and rice seedlings also; 
his data and his discussion are the most important recent contribution 
to this subject. Rudolfs (16) made similar measurements on bean 
seedlings but unfortunately he did not publish his numerical results. 
Pearl, Edwards, and Miner (14) reported the results of such tests on 
Cucumis melo seedlings. The data to be presented in this paper fall 
in the same category. In all these experiments the plotted growth 
data for each constant temperature fall along S-shaped curves of the 
logistic type. Both the final heights of the seedlings and the duration 
of growth, and consequently the time rate of growth, are influenced by 
temperature. Usually the temperature that induces the most rapid 
growth at first is somewhat higher than the one which finally yields 
the tallest seedlings. 

Two important experiments extended over only a part of the growth 
cycle. Lehenbauer’s (10) measurements of the growth of maize 
seedlings were made at nearly thirty constant temperatures and his 
data were the first to show a change in the optimal temperature as 
growth progressed. Unlike Lehenbauer’s data, which showed an 
increase in the optimal temperature with time. Talma’s (20) experi- 
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ments on Lepidium sativum roots showed a decrease in the optimal 
temperature with time. 

Measurements confined to the first stages of seedling growth were 
reported by Sachs (17) in 1860 and as a result of his work the papers of 
de Vries (22), Koeppen (9), and Haberlandt (6) appeared within a 
few years. All used seedlings of crop plants. Much later Newcombe 
(12) carried out experiments on the seedlings of fifteen species, mostly 
cultivated grasses and cereal crop plants. So far as they go, his data 
for Lepidium sativum confirm Talma’s work. Leitch (11) and Ceri- 
ghelli (2) presented data on the temperature relations of pea seedlings; 
Gericke (4) made tests on the early growth of wheat seedlings, and 
Fawcett’s (3) tests on citrus seedlings belong in this class. Vogt (21) 
made measurements on the final length of oat coleoptiles grown in 
darkness at a number of constant temperatures and found an unu¬ 
sually low optimal temperature (12.8‘’C). 

In the later work in this field less attention is paid to the tempera¬ 
ture optimum' than formerly, principally because it is alleged to change 
as growth progresses. Sierp (18) and Silberschmidt (19) centered their 
attention principally on the grand period of growth and more than 
their predecessors regarded the series of constant temperatures they 
tested as a convenient means for creating a graded series of environ¬ 
ments in which seedling growth could be studied, and this is the treat¬ 
ment to be followed here. 

Material and Methods 

Celosia cristata is a member of the Amaranthaceae extensively grown 
in flower gardens under the name of cockscomb. When grown on agar 
in darkness, as in these experiments, the seedlings develop a primary 
root which penetrates the agar to a depth of 2-3 cm. and which forms 
no lateral roots. The hypocotyl is curved at the upper end so that the 
cotyledon hangs downward for the first few days of growth and then it 
straightens, so that by the time growth has ceased the long, narrow, 
and reddish yellow cotyledons point upwards. The epicotyl does not 
develop under these conditions. The length of the hypocotyl seems 
to be a satisfactory.measure of growth; the hypocotyl is cylindrical, 

' For a discussion of the sense in which optimum temperature for growth is 
used in our work in this laboratory, including the present paper, see Pearl, Ed¬ 
wards, and Miner (14). 
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and since there is very little increase in the diameter of the organ this 
measurement also may be regarded as proportional to the volume of 
tissue produced, and may be taken as an index of growth yield. The 
only organ competing with the hypocotyl for the food stored in the 
cotyledons is the primary root; this runs through a grand cycle of 
growth just as does the hypocotyl and terminates its growth a little 
earlier. 

The technique used in these experiments was, in general, that which 
has become standard in many years of seedling work in this laboratory 
(see Pearl (13), and earlier papers there cited, and also Gould, Pearl, 
Edwards, and Miner (5)). 

Seeds of about the same size were sorted into lots of 22, having a 
combined weight of about 0.0195 gm., each lot being used for the 
experiments at one constant temperature. After being soaked in 
1; 1000 HgCU solution the seeds were rinsed once and soaked for 3 
hours in sterile distilled water. For germination and growth they 
were transferred to individual culture tubes 15 cm. long and about 
1.6 cm. in internal diameter and distributed among constant tempera¬ 
ture cases maintaining six temperatures between 14.5° and 40.5°C. 
The tubes were kept in darkness and the hypocotyl length was meas¬ 
ured daily in red light. 

After the rate of elongation had fallen below an average rate of 
about 0.1 mm. per day measurements were discontinued but the seed¬ 
lings were kept at the same temperatures and observed regularly to 
ascertain the beginning of death of the hypocotyl of each seedling. 
The first visible signs of death of the hypocotyl were the appearance 
of a translucent zone or the shrinkage of the upper portion. In some 
specimens the cotyledons shrunk before the hypocotyls showed any 
morbid symptoms. At 40° blackening of the seedlings occurred at 
death and the symptoms in general differed from those of the other 
cultures so that the recorded data are not quite comparable in this one 
respect. 

RESULTS 

Growth 

Table I shows the mean lengths of Celosia hypocotyls for various 
intervals after planting at the six constant temperatures tested.. The 
cultures exposed at 14.5°, 20°, 30°, and 40.5° were first examined 12 
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hours after planting and at 24 hour intervals thereafter. The 25° 
and 35° cultures were first examined 18 hours after the seeds were 
placed in the culture tubes and subsequently at 24 hour intervals. 
Observations were also made 24 hours after planting at 30° and 35°. 
Besides the main series of tests which was begun in January, 1933, 


TABLE I 


Mean Heights of Celosia crislata Seedlings at Different Intervals after Planting 


Interval 

after 

planting 

Temperature 

Interval 

after 

planting 

1933 

data 

1930 

data 


1930 

data 

14.5“ 

20“ 

1 30“ 

40.5“ 

25“ 


days 

mm. 

mm. 


mm. 

days 

mm. 

mm. 

mm. 

mm. 

1.0 

— 

— 


— 

1.00 

— 

— 

2.0 


1.5 

— 

— 


1.5 

1.75 

1.1 

1.1 

5.2 

5.4 

2.5 

— 


11.4 

6.2 

2.75 

6.1 

5.7 

16.4 

11.6 

3.5 

— 

— 

21.9 

10.1 

3.75 

13.4 

13.7 

26.5 

25.2 

4.5 

— 

1.3 

29.7 

11.7 

4.75 

20.2 

21.1 

31.5 

30.3 

5.5 

— 

4.0 

34.0 

12.3 

5.75 

26.0 

24.8 

33.5 

31.9 • 

6.5 

— 

8.4 

35.7 

12.7 

6.75 

29.1 

26.5 

34.1 

32.5 

7.5 

— 

12.8 

36.2 

— 

7.75 

30.7 

27.1 


32.7 

8,5 

0.7 

17.0 

3<).3 

— 

8.75 

31.6 

27.7 


__ 

9.5 

1.7 

20.8 

—- 

— 

9.75 

31.7 


— 

— 

10.5 

2.6 

23.0 

— 


— 

— 


— 

— 

11.5 

3.7 

24,6 


— 


__ 

— 


— 

12.5 

5.6 

26,2 

— 

— 

— 

— 


— 

— 

13.5 

7.3 

26.8 

— 

— 

— 

— 



— 

14.5 

9.4 

27.4 

— 

— 

— 

— 

— 

— 

— 

15.5 

11,3 

27.7 

— 

— 

— 

— 


— 


16.5 

13,9 

__ 

— 


— 

— 

— 

— 

— 

17.5 

15.3 

— 

— 

— 

— 

— 

— 

— 

— 

18.5 

17.0 

— 


— 

— 

— 

— 



19.5 

17.7 

28.3 

— 


— 

— 

— 

— 


20.5 

18.7 

— 

— 

— 

— 

— 

— 

— 

— 

21.5 

19.3 

— 

— 

— 

— 

— 



— 

22.5 


— 

— 

— 

— 

— 

— 

— 

— 

23.5 


— 

— 

— 

— 

— 

— 

— 

— 


two temperatures, 25° and 35°, were tested in the spring of 1930; 
these data are presented in Table I for comparison with the other 
series but they were not used in the preparation of the graphs. These 
two sets of data for these temperatures appear to show satisfactory 
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agreement considering that commercial seed produced in different 
seasons were used in the two series of tests. 

Fig. 1 shows the growth curves that result when these data are 
plotted, and brings out the considerable differences in height and 
growth rate associated with different temperatures. For a consider¬ 
able part of the growth period the seedlings cultured at 35° were taller 
than at any other temperature and it was not until comparatively late 
in the growth cycle that they were surpassed by the 30° seedlings. 
At 25° growth was slower and the final height was a little less than 

Mm. 



Fig. 1. Growth curve of Cclosia cristata hypocotyls grown in darkness at six 
constant temperatures. 

at 35°. At 20° the beginning of measurable elongation was delayed 
and both growth rate and final height were less than at 25°. There 
is a much longer latent period before growth commences at 14.5° 
and growth rate and final height arc still less. The irregularities of 
the 14.5° curve are probably due to difficulties of measurement; the 
curvature of the agar surface tended to conceal the base of the 
hypocotyl. 

In these respects the behavior of Celosia is very similar to that of 
Cucumis melo seedlings grown at these temperatures with the same 
treatment (14). 
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Fig. 2. Three dimensional diagram showing the growth and duration of life of Celosia cristata hypocotyls at six constan 
emperatures. Dots indicate observed heights of hypocotyls. 
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At 40.5® growth abnormalities were observed; many hypocotyls were 
bent or twisted and some underwent very little elongation, and the 
roots, for the most part, either lay on the surface of the agar or pene¬ 
trated it so shallowly that they provided very little anchorage. Six 
of the seeds were planted near enough the wall of the tube so that the 
hypocotyl could obtain mechanical support by resting against the wall 
and these six were used for growth measurements. It should be em¬ 
phasized that the appearance of the measured hypocotyls, and of the 
ones which were so coiled that measurement was impossible, was not 
greatly different from that of seedlings grown at lower temperatures, 
apart from their shortness. It appears that the hypocotyls were able 
to elongate, although at a very low rate compared with the 35° cul¬ 
tures, and to grow upward from whatever position in which they found 
themselves, but the failure of the roots to function properly left the 
hypocotyls without any anchorage. Any normal geotropic response 
of the hypocotyl would alter the center of gravity of the seedling 
making it fall into another position from which another geotropic 
response could be made only by altering the direction of growth. 

The three dimensional diagram shown in Fig. 2 has been constructed 
from the data of Table I according to the same plan, and by the same 
methods, as the corresponding diagram in our Cucumis paper (14) 
except that in the present case the part of the curve which approaches 
the upper asymptote has been extended to show the total duration of 
life (Table II). 

An inspection of the transverse planes of the diagram, which connect 
culture periods of the same duration, reveals a gradual apparent shift 
of the temperature at which growth is temporarily going on at the 
most rapid rate, from 35° at the beginning of growth to 30° by the 
time growth ceased. In other words, after a high initial growth rate 
the 35° seedlings elongated more slowly than the 30° ones. This will 
appear more clearly as the data are analyzed quantitatively. The 
same sort of shift of the growth rate with temperature as growth 
progresses has been found by Lehenbauer (10), Talma (20), Silber- 
schmidt (19), and Pearl, Edwards, and Miner (14). 

Having seen graphically the general course of events in the experi¬ 
ments we may now proceed to their analysis along the same lines as 
were followed in our study of Cucumis melo seedlings. If the total 
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average growth rate at each temperature is computed by dividing the 
mean total yield (length of hypocotyl) by the time from planting to 
cessation of growth, it is found that in Celosia, just as in Cucumis, the 
relation between temperature and time rate of growth is parabolic 
over the observed range of these experiments. 



Fig. 3. The relation between temperature and mean total growth rate in the 
seedlings of (a) Celosia cristata, and (6) Cucumis melo. The observations are 
given by crosses in the case of Celosia and by circles in the case of Cucumis. The 
smooth curves are the graphs of the respective parabolas, fitted by least squares. 

Fitting by least squares, the equation is 

R = 0.898 T - 0.015P - 9.689, (i) 

where R denotes mean total growth rate, and T temperature in Cen¬ 
tigrade degrees. 

In Fig. 3 this curve is plotted against the observations, and it is 
apparent that it describes the relations with reasonable accuracy, when 
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the relatively small magnitude of the observational material is taken 
into account. For the sake of comparison the corresponding curve 
from our Cucumis melo study is plotted on the same diagram. 

It is seen from Fig. 3 that while these two species follow the same 
general rule as regards the relation of growth to temperature under the 
specified experimental conditions, in that the mean total growth rate 
is lower as the temperature departs from the optimum in either direc¬ 
tion, there is in one respect a striking difference between the two 
species. Celosia cristata seedlings are much less sensitive to a differen¬ 
tial influence of temperature upon growth than are Cucumis melo 
seedlings. The Celosia curve is much flatter. In the case of Cucumis 
the mean total growth rate at the observed optimum temperature 
(30®) is roughly ten times as great as it is at 15°. On the other hand, 
in the case of Celosia the mean total growth rate at the observed opti¬ 
mum temperature (30®) is only about five times as great as at 15®, 
and even less at the probably true optimum temperature (from the 
fitted curve). In other words, Celosia seedlings are much less thermo- 
labile than Cucumis seedlings. 

While from the gross observations it would appear that the optimum 
temperature for growth rate was higher for Celosia than for Cucumis, 
actually if the differential coefficient for equation (i) is put equal to 
zero the result is 

- = 0.89752 - 0.029444 T = 0, (ii) 

dT 

and 

r.p,. = 30.48* 

This value is thus close to that reported in our Cucumis study (14), 
which was 29.74®. 

The above analysis of the quantitative relations between tempera¬ 
ture and growth follows the same lines as that of our Cucumis melo 
study (14). In the present case, as in that, we tried different postu¬ 
lates as to a single numerical measure of mean growth rate in a given 
temperature, and as to the separation of visible, measured growth of 
hyjjocotyl from the processes of germination. But in Celosia, just as 
in Cucumis, it was found that no difference in the essential results or 
conclusions resulted. For a detailed discussion of this matter the 



772 


GROWTH OF CELOSIA CRISTATA SEEDLINGS 


reader is referred to the Cticumis paper (14). There seems no point 
in repeating it here. 

It has been noted above that in these experiments temperature 
appears to affect growth differently in different parts of the cycle. 
The observations on the point are given more precisely in Table II. 
The first set of percentages, given in the left half of Table II, state 
the approximate percentage of the final mean total yield (hypocotyl 
length) at each temperature which the plants in that temperature 
series have achieved at the end of the first quarter, the first half, and 
the first three-quarters of their own respective total growth periods. 
Thus at the end of the first half of their growth period the 14.5° 
plants had made 20.9 per cent of their total yield. The second set of 


TABLE II 

Approximate Relative Hypocotyl iMtglhsal Staled Relative Times, arid in Proportion 
to 30° Hypocotyl Lengths at the Same Relative Times 


Percentages of 
total growth 
period 

Percentages of own total growth 

Pcrcenlagps of own growth to 30* growth • 
at same relative times 

14.5“ 

20“ 

25“* 

30“ 

35“* 

40.5“ 

14.5“ 

20“ 

25“* 

30“ 

35“* 

40..S* 

25 

0 

8.2 

14.3 

22.7 

19.4 

16.4 

0 

28.0 

55.0 

100 

44.2 

25.3 

50 

20.9 

75.4 

66.0 

76.4 

66.6 

71.9 

15.0 

76.9 

75.4 

100 

81.8 

32.9 

75 

77.6 

96.9 

94.6 

97.8 

94 2 

93.9 

43.7 

77.3 

84..S 

100 

90.5 

33.6 

100 

100 

100 

100 

100 

100 

100 

55.1 

78.0 

87.3 

100 

93.9 

35.0 


• 193.? data. 


figures, in the right half of Table II, shows the approximate percentage 
which the achieved yield in each temperature series was of the yield 
in the 30° series (30° being the observed optimum temperature for 
total yield) in one-quarter, one-half, and three-quarters of the total 
growth period. Thus it appears that the 20° plants at the end of half 
their growth period had produced only 76.9 per cent as much yield 
as the 30° plants in the first half of their cycle. The percentages in 
Table II are approximate because, in interpolating times and yields, 
we have assumed that growth proceeded at a constant rate between 
any two recorded observations in Table I. This is not strictly true, 
but the error is negligible for present purposes. In the computations 
germination, in respect of time, is counted as a part of growth. 
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From Table II the following points may be noted. 

1. The seedlings in these experiments did not in any case attain as 
much as 25 per cent of their total growth in the first quarter of their 
total growth period. Those in the 30° series came nearest to it. 

2. When a half of the growing period had been completed the seed¬ 
lings in all of the temperature series except at 14.5° had achieved 
2/3 or more of their final total yields. At the end of the first three 
quarters of their total growth periods all of the seedlings had achieved 
more than 75 per cent of their total yields, and all of them except in 
the 14.5° series well over 90 per cent of the final total yields. 

3. In Celosia crislata, under the conditions of these experiments, 
just as we have shown (14) to be the case in Cucumis melo, the greatest 
growth activity was concentrated in the second quarter of the growth 
cycle, except at the lowest (14.5°) temperatufe where the greatest 
growth per unit of time occurred in the third quarter of the cycle. 

4. Except in the 14.5° series the amount of growth activity dis¬ 
played in the fourth (final) quarter of the cycle was extremely small. 

5. At all other temperatures tested, and at all parts of the growth 
cycle, the yield at any given comparable point in the cycle was less 
than that in the 30° series at the corresponding time. In other words, 
while, as has already been pointed out, maximum growth activity 
may occur at different parts of the cycle in different temperatures, the 
greatest growth of Celosia crislata seedlings as measured by yield 
occurs at 30°, not only in the cycle as a whole, but also in each of its 
equivalent parts, on a relative time scale. In the face of this fact it 
would seem to be an error, based upon insufficiently penetrating anal¬ 
ysis, to speak of the optimal temperature shifting about during differ¬ 
ent parts of the cycle, at least in this case. The point in the matter, 
which is essential and appears to have been sometimes overlooked, is 
that biologically equivalent points in the growth cycle (and indeed 
in the life cycle generally) cannot be correctly apprehended or deter¬ 
mined in terms solely of absolute (chronological) time units, but re¬ 
quire some sort of relative time scale. Essentially the same point is 
involved in discussions of “physiological” versus “chronological” age. 

6. Celosia crislata seedlings, under the conditions of the experiments, 
afe generally speaking relatively more rapid growers in the first 
quarter of the cycle at all temperatures than Cucumis melo seedlings. 
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Fig. 4. Increases in height of Celosia hypocotyls during 24 hour periods. For 
14.S®, however, 48 hour increments were used. 

The points just discussed may be looked at in another way by 
examining the absolute growth increments in absolute (chronological) 
time in the several series. These are shown graphically in Fig. 4. 

As one examines the graphs of the growth incremenl^s in turn, begin- 
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ning with 14.5°, it is seen that there is a tendency for the period of 
most active elongation to come progressively earlier in chronological 
time units as higher temperatures are examined until 40.5® is reached 
where there is a delay, compared with 35°. This statement is true in 
two senses: (1) If one measures the time of occurrence of the peak of 
these graphs in terms of days after the time of planting, this relationship 
stands out clearly, and it is, in fact, the kind of relationship which 
would be expected on the basis of other work on the temperature 
relations of biological processes. (2) If the graphs are examined one 
by one to find when the period of most active elongation fell in rela¬ 
tion to the whole growth period a similar kind of trend is encountered. 
At the lowest temperature the greatest growth rate came relatively 
late in the growth cycle, at 20° it came a little before the middle point 
of the period in which measurable growth occurred, and each higher 
temperature had the effect of inducing a larger and larger proportion 
of the total growth to occur during the first few days of growth. But 
in another way, there is a regular change in symmetry as one examines 
the graphs in turn. Both kinds of relationship have also been observed 
in Cucumis melo seedlings (14). 

Fig. 3 shows nothing different from, or additional to, what is brought 
out in precise numerical terms in Table II. But inasmuch as the 
analysis of growth in terms of relative time given in Table II and the 
discussion following it is, so far as we are aware, novel, it has seemed 
to us advisable to insert Fig. 4 in order to exhibit the results in a form 
accordant with the conventional procedure in work upon growth in 
seedlings. 


Duration of Life 

In considering the durations of life of these seedlings, which are 
represented in Fig. 2 as extensions of the sigmoid growth curves, the 
experimental conditions need to be kept in mind. Since the seedlings 
were grown under aseptic conditions throughout, death was due to 
failure of the plant to be able to get further food material from the 
cotyledons, and not because of microbial attack. The only materials 
that were supplied to the plant during its lifetime were air, distilled 
water, and agar, and agar has been shown by earlier unpublished work 
not to be a source of food in sufficient amount to be either physically 
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or chemically detectable or measurable. Since the seedlings were 
kept in darkness (except for brief exposure to red light during measure¬ 
ment) no chlorophyll developed and photosynthesis was impossible. 
Thus the seedlings were entirely dependent upon the food reserves 
laid down in the cotyledons and embryo, and since the same weight of 
seeds of a uniform size was used for each culture the six lots of seedlings 
began on an equal basis. Their durations of life, however, were quite 
different, as Fig. 2 and Table III show; the seedlings grown at 14.5®, 
for instance, lived five times as long as those grown at 35®, and dis¬ 
regarding for a moment the 40.5® cultures, the duration of life was 
inversely proportional to the temperature. Furthermore the data 

TABLE III 

Final Heights and Durations of Growth and of Life of Celosia cristata Seedlings at 

Various Temperatures 


Temperature 



14 . 5 * 










Final hypocotyl height, mm . 

20.0 

28.3 

31.7 

27.7 

36.3 

34.7 

32.5 

12.7 


iO. 5 

±0.9 

±0.6 

±1.3 

±0.6 

±0.9 

±0.7 


Duration of growth, days . 

23.5 

19.5 

9.75 

8.75 

8.5 

6.75 

7.75 

7.75 

Duration of intermediate period, (fayj. 

26.6 

13.5 

13.4 

15.7 

5.4 

5 

3.9 

5.7 

Duration of life (total), days . 

50.1 

33.0 

23.15 

24.45 

13.9 

11.75 

11.65 

13.45 

No. of seedlings. 

14 

18 

19 

15 

20 

17 

19 

6 


show that the intermediate period of the life cycle of these seedlings 
(period from end of growth to beginning of death) is lengthened in 
temperatures below the growth optimum and shortened in temperatures 
above the growth optimum. In other words the optimal temperature 
for duration of life in these experiments was the minimum temperature, 
within the range of observations. These observations are definitely 
and significantly confirmatory of the “rate of living” (13) theory of life 
duration. The rate of living, as manifested by rate of growth for 
example, is influenced by temperature, as inorganic chemical reactions 
are, and in consequence the time duration of life is altered in an orderly 
manner. When the time rate of growth is more rapid not only is the 
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period of growth shortened, but so also is the duration of the intermediate 
period after growth has ceased, and the total duration of life. 

The inverse relation between growth rate and life duration de¬ 
scribed in the preceding paragraph is shown quantitatively in Table 
IV and Fig. 5. It is obvious that what we have called the “inter¬ 
mediate” period—that is the time from the end of growth to the be¬ 
ginning of death—^is the crucial element in total life duration, from 
the theoretical point of view. Naturally if the growth period is 
lengthened, with consequently lowered growth rate, as in the low 
temperatures, that fact will of itself tend to lengthen total duration of 
life, which is the sum of growth period + intermediate period. Con- 


TABLE IV 

Relative Magnitudes at Diferent Temperatures of Mean Total Growth Rate and the 
Duration of Various Portions of the Life Cycle in Cclosia cristata Seedlings 


Temperature 

Relative observed 
growth rate 

Relative duration of 
intermediate period 

Relative duration 
of growth period 

Relative total 
longevity 

•c. 

per cent 

per cent 

per cent 

per cent 

14.5 

26.5 

198.5 

241.0 

216.4 

20 

45.2 

100.7 

200.0 

142.5 

25 

100 

100 

100 

100 

50 

133.0 

40.3 

87.2 

60.0 

35 

143.6 

37.3 

69.2 

50.8 

40.5 

60.7 

42.5 

79.5 

58.3 


sequently we shall deal separately with duration of intermediate 
period and total longevity. 

In Table IV the performance of the seedlings at 25° in respect of (a) 
mean total growth rate, (A) duration of intermediate period, (c) 
duration of growth period, and {d) total longevity, is taken as 100 
per cent for each variable and the relative (percentage) values on this 
basis at each of the other temperatures tested are then set down. 

It is evident that both total duration of life and the duration of the 
crucially important intermediate period, exhibit an inverse relation 
to the rate of growth. From 15° to 35° inclusive, where the mean 
total growth rate is increasing with rising temperature, total longevity 
and duration of the intermediate period decline. At 40.5° where the 
total growth rate falls, the durations rise. The rise at this high tern- 
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perature is not, however, in either case anything like proportional to 
the relative decline in the growth rate, and too much stress should not 
be laid upon it, particularly in view of the abnormal character of the 
growth and the dying at this temperature. At 35° and temperatures 
below, the inverse proportionality between growth rate and duration 
of life is more precisely and regularly maintained. By slowing the 
growth rate to roughly a quarter of its value at 25° the total duration 
of life is about doubled. 



Fig. 5. Showing the inverse relation between mean total rate of growth and 
total duration of life, and duration of intermediate period of the life cycle. 

In 1916 Rahn (15) sought to extend the reasoning of Blackman (1) 
and of Jost (8) and to account for limitations of size and duration of 
life on a chemical basis. He assumed: (1) The quantity of material 
capable of being transformed by a given quantity of enzyme is defi¬ 
nitely limited, and this limits the quantity of material which an or¬ 
ganism can metabolize during its lifetime. (2) Each enzyme is the 
product of a chain of reactions, whose links may have different tem- 
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perature coefficients. Thus according to the temperature at which 
an organism is grown it may have a large or a small quantity of en¬ 
zyme at its disposal, and may have a large or a small final size, or a 
long or a short duration of life. Rahn was careful to state that his 
speculation was “gam unbeweisbar,'’ and it docs not seem to be partic¬ 
ularly helpful in the consideration of the present data. 

A complete and precise quantitative analysis of the inverse relation¬ 
ship between rate of growth and subsequent duration of life (and also 
total duration of life) in these seedlings would require more extensive 
data, and far finer temperature divisions than the present experiments 
furnish. 


SUMMARY 

Daily measurements of hypocotyl length were made on Celosia 
crislala seedlings cultured in darkness under aseptic conditions at six 
constant temperatures between 14.5° and 40.5°C. At 40.5° roots did 
not penetrate the agar and only the hypocotyls that were supported 
by the wall of the test tube could be measured. 

The growth curves were of the generalized logistic type, but of 
different degrees of skewness. The degree of symmetry of the growth 
curves was influenced by temperature. At the lower temperatures 
the maximal growth rate came relatively late in the grand period of 
growth; at successively higher temperatures it came progressively 
earlier. 

The mean total time rate of growth (millimeter per diem) was found 
to be a parabolic function of the temperature. 

The maximum rate of growth was found from the curve to be at 
30.48°C. The maximum observed rate of growth, and the maximum 
yield, were found to be at 30°C. 

At all temperatures above 14.5° the maximum growth activity fell 
in the second quarter of the whole growth period. At all temperatures 
tested other than 30°, and at all parts of the growth cycle, the growth 
yield as measured by height of hypocotyl at any given equivalent 
point was less than at 30°. 

The total duration of life of the seedlings, and the duration of life 
after the end of the growth period (intermediate period) were inversely 
proportional to the mean total growth rate. The observations on 
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Celosia cristata seedlings are thus in accord with the “rate of living’’ 
theory of life duration. 

The optimal temperature for life duration is the minimum tempera¬ 
ture, within the range of these observations. 
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BOUND WATER IN MUSCLE 

By J. brooks 

{From the Food Investigation Board of the Department of Scientific and Industrial 
Research, and Low Temperature Research Station, Cambridge, England) 

(Accepted for publication, January 20, 1934) 

Rubner (1922) has defined the bound water in a colloidal system as 
the water which does not freeze at — 20°C. On this basis Rubner 
(1922) and Thoenes (1925) obtained large values ranging from 0.8 
to 2 gm. of bound water in muscle per gm. of dry solid. The same 
definition has been applied by other investigators to various biological 
systems; it has, however, been criticised by Briggs (1931) and Heiss 
(1933) on the ground that in systems containing crystalloids, unfrozen 
free water (i.e. water acting as normal solvent) may be present at 
-20°C. 

It seems preferable to define bound water as water which does not 
act as solvent. On this basis low values at 0°C. were calculated from 
the vapour pressure isotherm of frog’s muscle (Brooks, 1933-34). 
At an activity of free water of 0.994 it was found that 0.3 gm. of water 
was bound by 1 gm. of dry solid. Hill (1930) had previously obtained 
by another method a still lower figure; this may be due partly to the 
higher temperature employed, namely about 16°C. These results, 
when compared with the degree of hydration of various proteins in 
solution, indicate that the bound water in muscle is mainly, if not 
wholly, accounted for by the water of hydration of the muscle proteins. 
It would be expected that the degree of hydration would be influenced 
by the activity of free water and the temperature. 

An attempt has been made to calculate the amount of free unfrozen 
water in muscle at different temperatures below the initial freezing- 
point from the vapour isotherm at 0°C. The results indicate that a 
significant amount of free unfrozen water is present at — 20°C. and 
that the system invariant point is considerably below this temperature. 
The total amount of unfrozen water at — 20°C. gives therefore only a 
maximum figure for the bound water at that temperature.' The 
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large values obtained by Rubner and Thoenes can be attributed 
partly to this cause and partly, to an even greater extent in view of the 
later work of Heiss (1933) and Moran (private communication) on the 
freezing-point curve of muscle, to the considerable experimental 
difficulties of measuring unfrozen water at low temperatures. 

The difference between the calculated amount of free unfrozen water 
in muscle at a given temperature and the amount of total unfrozen 
water experimentally determined by Heiss or Moran should give the 
bound water present. The values so obtained are of similar magni¬ 
tude to those calculated from the vapour pressure isotherm at 0°C. 


The Freezing-Point Curve of Muscle 

In a “frozen”muscle in equilibrium at a temperature T' the activity 
of free water, a', is equal to the activity of ice at that temperature and 
is given by the equation (Lewis and Randall, 1923) 

log a' = -0.004211 V - 0.0000022 »» (1) 


where v = 273 —T'. 

The amount of free water present in frog’s muscle in rigor at 0°C. 
and at different activities of water has been calculated from the vapour 
pressure isotherm. The reference state of the muscle is taken as the 
water content at 0°C. (T") and an activity of free water (oq) of 
0.994. At this activity and temperature it was found that 100 gm. of 
muscle contained 19.9 gm. of dry solid, 74.3 gm. of free water, and 5.8 
gm. of bound water. Let the weight of free water per 19.9 gm. of dry 
solid at the same temperature T" and another activity of water af be 
m gm. Then if the activity of free water in a muscle is independent 
of the temperature the decrease of temperature v required to freeze out 
(74.3 —m) gm. of free water from 100 gm. of muscle in the reference 
state is given by substituting af for o' in (1). 

It cannot be assumed, however, that the activity of water in a 
muscle is independent of temperature. The relation between tem¬ 
perature and activity is given by the equation: 


ding Li 

~dF 


( 2 ) 


where Li is the relative partial molal heat content of water in the 
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muscle. For most solutions Li is negligible unless the solution is con¬ 
centrated or has an exceptionally large heat of dilution. It would be 
expected therefore for high values of of that the activity of water in 
a muscle would not alter greatly with temperature. 

Lewis and Randall (1923) take Ly. as a linear function of temperature^ 
and integrating (2) at constant composition obtain the following 
equation for the change in activity of water with temperature: 

log a"I — log o'l = * (3) 

where 

_ _j*' I 7'^\ 

» = - Li(T’)■ 2 303 \ ' 2.303 /fr’r' ” 7^j 

and Cpi and C°pi are partial molal heat capacities of water. 

The substitution of (3) in (1) gives the following equation, 

log a"I + 0.004211 V + 0.0000022 »» = .t (5) 


where x is given by (4). If therefore at one temperature, T", the 
free water content and the partial molal heat terms for water in 
muscle at different activities of water, af, are known the required 
values of v (where v — 273 — T') can be obtained from (5). 

The partial molal heat terms for water in muscle are unknown, but 
when the crystalloid constituents of muscle are considered,* it is 
reasonable to assume that they do not differ greatly from the heat 
terms for water in a solution of a uni-univalent electrolyte, e.g. sodium 
or potassium chloride, of equivalent concentration. The concentra¬ 
tions of solutions of sodium chloride with activities of water at 0°C. 
corresponding to the activities used (down to of = 0.798) in the 
determination of the vapour pressure isotherm have already been 
calculated (Brooks, 1933-34). These values are given in Table I, 
together with the mean amounts of free and bound water in frog’s 
muscle at 0°C. and at different activities of water. The calculated 


‘This assumption, according to Young (1933), is not strictly correct. It is 
sufficiently accurate for the present purpose, however. 

* The proteins in muscle would not be expected to influence Li unless the total 
water content of the muscle was lower than approximately 0.3 gm. of water per 
gm. of protein (c/. Rosenbohm, 1914; Moran, 1932). 
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values of free water at a" == 0.85 and 0.80 are less accurate than 
those at the higher activities but are probably of the correct order. 

The partial molal heat terms for water at 0°C. in the solutions of 
sodium chloride given in Table I were obtained from the data of 
Randall and Bisson (Lewis and Randall, 1923) at 25°C. These values, 
together with the corresponding values of a*, were substituted in (5), 
giving V (or 273 —T'). The first column of Tabic II contains the 
molality of sodium chloride and the second column the corresponding 
value of V from (5). 

It will be seen that this particular use of (5) gives simply the freez¬ 
ing-point of the solutions of sodium chloride in the first column. For 
comparison therefore the third column contains the experimental 


TABLE I 

Dry Weight of Muscle = 19.9 Gm. 


n" 

Molality of sodium 
chloride 

Etiuilibrium weight 
of muscle 

Free water 

Bound water 



gm. 

gm. 

gm. 

0,9936 

0.1969 

100 

74.3 

5.8 

0.9552 

1.381 

36.3 

10.6 

5.8 

0.8904 

3.138 

30.5 

4.7 

5.9 

0.8502 

4.098 

28.0 

3.5 

4.6 

0.7984 

5.215 

26.8 

2.8 

4.1 


values of the freezing-points interpolated from those given in the 
International Critical Tables.® The fourth column gives values of v 
obtained on the assumption that Li is zero; i.e., by the direct substi¬ 
tution of Oi in (1). As would be expected this assumption does not 
lead to a large error in the calculated freezing-point except at low 
activities of water. 

The fourth column of Table I and the second (or third) column of 
Table II give the amounts of free unfrozen water remaining in 100 gm. 
of “frozen” frog’s muscle (initially in the reference state) in equilib¬ 
rium at V degrees below O^C. These values are given below. 

* International Critical Tables, New York, McGraw-Hill Book Co., Inc., 
1928,4,258. 
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V . 0.67* 4.7 11.6 16.0 21.9 

Free water, gw. 74.3 10.6 4.7 3.5 2.8 

* -0.67°C. is the calculated value for the initial freezing-point of frog’s muscle 
in rigor; the freezing-point of living frog’s muscle is -0.42°C. Hill (1930) gives 
the osmotic equivalent of frog’s muscle in rigor as 0.2 molal sodium chloride; this 
solution has a freezing-point of — O-OS^C. 

If the total unfrozen water at — 21.9°C. is considered as bound and 
expressed as gm. of bound water per gm. of dry solid it will be seen 
that the value so obtained is approximately 2.8/19.9 = 0.14 gm. too 
high. 

The proportion of free unfrozen water in beef muscle (in rigor) at 
a given temperature will be greater than in frog’s muscle as the initial 

TABLE II 


Molality of sodium 
chloride 

V 

(from (5)) 

V 

(experimental) 

(Zi “ 0) 

0.1969 

0.674 

0.674 


1.381 

4.68 

4.70 

4.68 

3.138 

11.56 

11.4 

11.8 

4.098 

16.0 

15.5 

16.6 

5,215 

21.9 

21.2 

22.9 


freezing-point is lower ( —1°C. instead of — 0.67°C.). Assuming that 
the water-binding capacity of the proteins in beef muscle at 0°C. is 
the same as in frog’s muscle at 0°C. and making allowance for the 
differences in initial freezing-point and total water content (77 instead 
of 80 per cent) the amounts of free unfrozen water in 100 gm. of 
“frozen” beef muscle have been calculated; these are given below. 

». 1.0 4.7 11.6 16.0 21.9 

Free water, gw. 70.3 15.1 6.6 5.1 4.0 

The total amount of unfrozen water in beef muscle (total initial 
water content 77 per cent) at different temperatures has been deter¬ 
mined by Heiss (1933). Values interpolated from his results are 
given in the second column of Table III. The fourth column is the 
difference between total (experimental) and free water (calculated) at 
each temperature and gives the amount of bound water at that 
temperature. 
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It will be seen that the values for bound water are of the same 
order as those for frog’s muscle at 0°C. It is not believed that any 
quantitative conclusion can be drawn from the values in the last 
column regarding the effect of decrease in temperature and activity of 
water on the degree of hydration of the muscle proteins. They show, 
however, that the results from the vapour pressure isotherm and 
from the freezing-point curve are both in agreement with a low 
value for the amount of bound water in muscle. A similar conclusion 
is reached when the results of Moran (private communication) for the 
freezing-point curves of both frog and beef muscle are compared with 
the calculated values of v. It should be pointed out that even if the 
total amount of unfrozen water at — 20°C. (determined by Heiss) is 

TABLE III 


Weight of muscle = 100 gm. 
Dry weight of muscle — 23 gm. 


Temperature 

Total water 

Free water 

Bound water 

•c. 

gm. 

gm. 

gm. 

-1 

77.0 

70.3 

6.7 

-4.7 

19.5 

15.1 

4.4 

-11,6 

11.4 

6.6 

4.8 

-16.0 

9.2 

5.1 

4.1 

-21.9 

7.8 

4.0 

3.8 


considered as boimd the value is considerably smaller than those 
given by Rubner or Thoenes. 

The System Invariant Point 

The temperature at which all the free water in frog’s muscle is frozen 
out can only be estimated very roughly. From the vapour pressure 
isotherm it can be seen that the equilibrium weight of a muscle is 
practically constant below a* — 0.5 (down to a" = 0.1). It can be 
concluded therefore that only a negligible amount of free water is 
present over this range, i.e. the dr 3 dng-up point of the muscle at 0®C., 
as regards free water, occurs in the region oi a" — 0.5. Substitution 
of o' “ 0.5 in (1) gives the system invariant point as — 69°C. This 
temperature is too low as £i is not negligible at this activity of water. 
The insolubility of sodium chloride below a* — 0.798 at O^C. does not 
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allow the calculation of v from (5) for the case of a' = 0.5, but a rough 
idea of the effect of the heat terms can be obtained by extrapolation. 

If values of (log a" — log aO/log a*, obtained from (3) for solu¬ 
tions of sodium chloride down to o* = 0.798, are plotted against log 
a I an approximately straight line is obtained. From this graph the 
hypothetical value of o,, when a* = 0.5, is 0.553; this figure sub¬ 
stituted in (1) gives v — 59. As the drying-up point at 0°C. is not 
known at all accurately it can only be stated that the system invariant 
point as regards free water probably lies below — 40°C. and above 
—60°C. It is interesting that Heiss (1933) obtained a value of —62° 
to — 65°C. for the system invariant point from the temperature-time 
cooling curve of beef muscle. The probable effect of such a low 
temperature and activity of water on the water of hydration of the 
proteins is unknown, but the presence of bound water in frog’s muscle 
(at 0°C.) at values of a" well below 0.5 suggests that even lower 
temperatures would be required to freeze completely this water of 
hydration. 


SUMMARY 

1. The amount of free unfrozen water, i.e. water acting as normal 
solvent, in frog’s muscle at temperatures below the initial freezing- 
point has been calculated from the vapour pressure isotherm of the 
muscle. 

2. Significant amounts of free water are present at — 20°C. The 
total amount of unfrozen water at — 20°C. cannot, therefore, be taken 
as a measure of the bound water in muscle. 

3. The calculated values of free water, when compared with experi¬ 
mentally determined values of total unfrozen water, indicate that the 
amount of bound water in muscle at various temperatures is small. 

4. A temperature considerably below —20°C., roughly between 
—40° and — 60°C., is required to freeze completely the free water in 
muscle. 
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THE INFLUENCE OF MINIMAL NARCOTIC DOSES ON THE 
RESPIRATION OF ERYTHROCYTES 

By WAIvTER FLEISCHMANN akd CHARLES S. RAND 

{From the Physiological Institute of the University of Vienna, Vienna, Austria) 
(Accepted for publication, February 13,1934) 

The investigations of Warburg in 1921 on the action of narcotics on 
cell respiration led to the formulation of his general theory of narcosis, 
according to which the action of a narcotic is attributed to its specific 
ability to occupy the vital surfaces of the cell structures, thereby dis¬ 
placing the adsorbed nutritive substances and important oxidative 
enzymes (1). The occasional observations of some investigators, de¬ 
scribing a stimulating action of narcotics on the metabolic functions 
of the cell, seem hardly compatible with Warburg’s theory; for, “ad¬ 
sorption displacement,” as Warburg calls the phenomenon, might 
bring about a depression, but not a stimulation of cellular metabolism. 

In his experiments on the respiration of the isolated spinal cord of 
the frog under the influence of ethyl alcohol, Winterstein (2) describes 
a series of cases in which low concentrations of this narcotic produced 
acceleration, higher concentrations, on the other hand, produced met¬ 
abolic depression. Similar results were obtained by Garrey (3) in 
his experiments on the stimulating effect of ethyl alcohol on the CO* 
production of the heart ganglia of Limulus polyphemus. Warburg, 
who made similar investigations on liver cells, avian erythrocytes, and 
the central nervous system, could find no such acceleration. Narcotic 
concentrations lower than those which caused metabolic depression 
were without effect. In explanation of this discrepancy between his 
results and those of other investigators, Warburg suggested (9) that 
metabolic acceleration would result upon administering a narcotic to 
starving cells. The narcotic would then play the r61e of a nutritive 
substance and as such might be replaced by glucose or peptone with 
the same stimulating effect. Of course, in the case of cells such as sea 
urchin eggs, where lipoid-soluble substances serve as a stimulus to 
further development, as was first demonstrated by Jacques Loeb, an 
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increase in the metabolism of the organism was expected and actually 
found by him to be the case. 

In view of these divergent observations it appeared of special inter¬ 
est to investigate systematically and with modem methods the influ¬ 
ence of low concentrations of narcotics on cellular respiration, and to 
limit ourselves to two narcotics: ethyl alcohol, which can be oxidized 
and utilized by the cell for nutritive purposes, and ethyl urethan, 
which is hardly oxidized and certainly not useful as a cellular nutrient. 
Convenient cells for such investigations were mammalian erythrocytes. 
It seemed further expedient to extend our investigations to starving 
erythrocytes as well as to blood cells well supplied with nutritive ma¬ 
terial. 


Method 

Human blood was obtained by puncture of the cubital vein; rabbit blood from 
the auricular vein; horse blood directly from the jugular vein at the slaughter 
house. Sodium citrate was used to prevent clotting. For the experiments on 
starving blood cells the citrate blood was centrifuged, the supernatant plasma re¬ 
moved, the erythrocytes suspended in the fivefold volume of physiological saline 
solution, well stirred, centrifuged, and the supernatant fluid again removed. This 
process was repeated five times to assure complete removal of all the diffusible 
nutrients. 

In the experiments on nourished erythrocytes the citrate blood was centrifuged 
but once and the supernatant citrate plasma removed. The sedimented cells 
were thus still saturated with nutritive material. 

5 cc. of the thick erythrocyte suspension were then pipetted into small respira¬ 
tion vessels of the type described by Warburg (4), and 5 cc. of the narcotic to be 
examined, dissolved in physiological saline solution, added. A vessel containing 
the erythrocyte suspension plus physiological saline solution, and one with the dis¬ 
solved narcotic alone, served as controls. The vessels, attached to their manom¬ 
eters, were placed in a constant temperature water bath at 37°C. Air served as 
the gas medium. The experiments lasted no longer th^n 2 hours to avoid possible 
interferences due to bacterial growth. 

EXPERIMENTAL 

In our search for a concentration of alcohol which would stimulate 
respiration in erythrocytes it was necessary to start off with inhibiting 
concentrations. Thus, we found that 4 per cent alcohol caused a de¬ 
pression in O 2 consumption of about 35 per cent. As the concentra¬ 
tion of alcohol was gradually lowered this depression became smaller, 
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finally changin g into an indifferent behavior when a concentration of 
0.5 per cent was reached. Upon lowering the concentration still fur- 


TABLE I 


Blood 

No. of 
experiments 

Concentration 
of alcohol 

Rabbit 

2 

vol. per cent 

4.0 

tt 

2 

2.0 

i< 

2 

1.5 

u 

2 

0.5 

tt 

2 

0.3 

<( 

8 

0.25 

u 

3 

0.125 

« 

12 

0.10 

Human 

1 

0.5 

« 

2 

0.25 

« 

2 

0.10 

Horse 

3 

0.25 

u 

4 

0.10 


Average Oa consumption 
in 2 hrs. 

Increase or 
decrease in Oa 
consumption 

Without alcohol 

With alcohol 

c.mtn. 

c.mm. 

per cent 

26.9 

17.3 

-35.7 

26.9 

22.9 

-14.9 

40.1 

36.3 

-9.5 

40.1 

40.5 

-fO.l 

16.8 

18.2 

+8.3 

32.5 

39.5 

+21.5 

22.7 

30.5 

+34.3 

31.3 

45.2 

+44.5 

44.4 

40.2 

-9.4 

44.4 

57.2 

+29.0 

32.4 

46.8 

+44.4 

81.5 

127.5 

+56.4 

82.4 

106.8 

+30.0 


TABLE II 


Blood 

No. of 
experiments 

Concentration 
of urethan in 

Average Oa consumption 
in li hrs. 

Increase or 
decrease in Oa 
consumption 

Without 

urethan 

With urethan 



per cenit 

c.mm. 

c.mm. 

per cent 

Human 

2 

3.0 

89.9 

52.8 

-41.2 

a 

1 

0.02 

67.9 

72.0 

+6.0 

a 

9 

0.015 

127.2 

118.1 

-7.1 

« 

3 

0.005 

105.4 

94.9 

-9.9 

Rabbit 

1 

0.25 

28.1 

27.4 

-2.5 

tt 

1 

0.125 

27.8 

27.0 

-2.9 

tt 

2 

0.10 

28.0 

25.0 

-10.7 

tt 

1 

0.04 

84.4 

77.9 

-7.7 

tt 

2 

0.025 

84.4 

88.0 

+4.2 

it 

3 

0.015 

39.3 

40.5 

+3.0 

tt 

1 

0.005 

26.5 

24.6 

-7.1 


ther we observed a definite increase in 0* consumption in the range 
between 0.1 per cent and 0.3 per cent alcohol. To make sure-that 
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this observation was not based on mere chance some twenty-five ex¬ 
periments were made within this range, both on nourished and starv¬ 
ing rabbit erythrocytes. All the results indicated a decided respira¬ 
tory stimulation, also in the cases of human and horse blood cells. In 
all three instances starving (washed) erythrocytes reacted the same as 
nourished blood cells, so that no differentiation of these two categories 
is made in Table I. 

In the instance of ethyl urethan, however, we could find no corrob¬ 
oration of the results obtained with ethyl alcohol, either with starv¬ 
ing or with well nourished cells. The values given in Table II fluc¬ 
tuate around the zero mark, indicating an indifference on the part of 
the erythrocytes towards this narcotic. The general trend, however, 
points to a slight inhibitory effect. The few positive results shown in 
the table fall within the limits of error of the manometric method and 
are therefore hardly of any significance. Occasional controls made 
with the Barcroft-Warburg differential manometer (4) confirmed the 
results given in Tables I and II. 

DISCUSSION 

Our experiments indicate that low concentrations of an easily oxi- 
dizable narcotic such as ethyl alcohol increase the Oj consumption of 
starving as well as nourished erythrocytes, whereas subinhibitory doses 
of ethyl urethan remain without effect very likely because this nar¬ 
cotic cannot be utilized by the cell. The fact that even well nourished 
erythrocytes respond towards low concentrations of alcohol with an 
increased 0* consumption can be explained by the observations of 
Durig and coworkers (5), who showed that upon simultaneous supply 
of alcohol and carbohydrate in the human body the narcotic is given 
preference over the carbohydrate and is oxidized first. This also 
seems plausible for the cell, especially since ethyl alcohol readily pene¬ 
trates the cell wall of the erythrocyte, and as Fleischmann and Tre- 
vani (6) showed, is then oxidatively decomposed into acetaldehyde. 
While Durig could find no general increase in oxidation in the human 
organism upon alcohol consumption, recent investigations by Bickel 
and Kanai (7) show that small quantities of this narcotic stimulate, 
large quantities on the other hand inhibit oxidative processes in the 
intermediary metabolism of the rabbit. Similar results were recently 
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obtained by Robertson and Stewart (8), who demonstrated an in¬ 
creased O 2 consumption in brain sections of alcoholized rabbits. 

Higher concentrations of either oxidizable or non-oxidizable nar¬ 
cotics bring about respiratory inhibition in cells by more completely 
displacing from the surfaces of the cell structures not only the ad¬ 
sorbed nutrients, but also the oxidases, so that in the instance of 
alcohol, this narcotic cannot be burned. Our results can also be fitted 
into Warburg’s “adsorption displacement” theory of narcosis by as¬ 
suming that low narcotic concentrations do not sufiiciently displace 
the adsorbed nutrients and enzymes, thus making an easily oxidizable 
narcotic readily accessible to the cell, whereas non-oxidizable narcotics 
remain indifferent. 


SUMMARY 

Low concentrations of ethyl alcohol stimulate the respiration of 
mammalian erythrocytes in vitro. 

Low concentrations of ethyl urethan remain without effect on, or 
tend slightly towards depressing the respiration of mammalian erythro¬ 
cytes in vitro. 

It is suggested that this may be due to the oxidizable nature of alco¬ 
hol, and the non-oxidizable nature of urethan, properties which come 
into evidence only when these narcotics are present in such low con¬ 
centrations that the threshold of inhibition (narcosis) has not been 
reached. 
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THE ULTRAVIOLET ABSORPTION SPECTRUM OF 

PEPSIN 

Work by FREDERICK L. GATES* 

{from the Laboratory of General Physiology, Harvard University, Cambridge) 
(Accepted for publication, February 19,1934) 

I 

In connection with measurements of the inactivation (destruction) 
of dissolved crystalline pepsin by ultraviolet light, determinations 
were made of the absorption spectrum of preparations of pure crystal¬ 
line pepsin. From these data, the molecular extinction coefficient 
curve may be deduced. The pepsin used was prepared by Dr. John 
H. Northrop; through his kindness sufficient amounts of several 
preparations were made available {cf. Northrop, 1929-30®, b). 

The crystalline pepsin in known dilutions in a suitable buffer sol¬ 
vent was put into 2 cm. glass photometer tubes or into adjustable 
micro Baly tubes with quartz end-plates. Corresponding control 
tubes were filled with the same dilution of the solvent solution. The 
tubes were placed in the paths of twin beams of light in a quartz 
sector photometer. The light source was a tungsten steel spark, 3 
mm. gap, heated with a gas flame, and operated at 6600 volts from a 
transformer taking 17 amperes at 110 volts on the primary winding. 

The transmission spectra were recorded on panchromatic pho¬ 
tographic plates, using a large quartz spectrograph (Judd-Lewis, 1919, 
1922; cf. Gates, 1930-31). The ratio of intensities incident on the two 
tubes was varied by means of the photometer sector vanes, over a 
wide range of intensities. When the length of liquid traversed by the 
light is kept constant the extinction coefficient is calculated from 
Beer’s law. The logarithm of the ratio (///«) is equal to log 1 - 
log D] log D is obtained from the scale readings on the vanes of the 

* This paper is one of several in which results of work completed by Dr. Fred¬ 
erick L. Gates before his death, June 17, 1933, are reported. The manuscripts 
have been prepared by Professor W. J. Crozier and Dr. R. H. Oster. 
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photometer. The molecular extinction coefficients were calculated 
for the points at which bands of equal density appeared on the spec¬ 
trograms and then plotted against the corresponding wave-lengths to 
give the absorption curve. 


II 

Tests were made on a preparation of carefully purified pepsin re¬ 
ceived from Dr. Northrop in 75 per cent glycerine, containing 1.80 
mg. of protein nitrogen per ml., and on samples dissolved in m/100 
HCl to make up dilutions of 1/10, 1/50,1/100. By the quinhydrone 
electrode the 1 in 50 dilution showed a pH of 2.54; for the other dilu¬ 
tions this was not determined. For these solutions corresponding 
dilutions of m/100 HCl containing glycerine in the same proportion 
were used in the control tubes. From the spectrograms obtained with 
these samples between wave-lengths 2166 and 3130 A.u., and from 
the calculated values of the molecular extinction coefficients, the ab¬ 
sorption curve for pure pepsin was plotted (Fig. 1). On the basis of 
a molecular weight of 36,000 (Northrop, 1929-306, p. 771), and the 
percentage of protein nitrogen of 15.15 (Northrop, 1929-30a, p. 747), 
the molecular extinction coefficient is calculated from the expression 

^ Log D 
d • M • dilution 

where d is the thickness of solution and M is the molarity, in this case 
0.00033 u; M X dilution is of course identical with C in the formula 
as usually written. 


Ill 

Slightly different values were obtained at high dilutions (1/125, 
1/400) in some cases and with less highly purified preparations, but 
these irregularities were probably due either to pH differences or to 
uncertainty in regard to the concentration of the enzyme. In all 
preparations the location of the maxima and minima on the absorption 
curve coincided. 

Other tests showed that even slight differences in the pH had a 
decided effect on the absorption of ultraviolet energy as indicated by 
the rate of inactivation of the enzyme. Northrop (1933-34) has shown 



MolecaldP extinction coefficient 



Fig. 1. The absorption curve of carefully purified crystalline pepsin (1.80 mg. 
of protein nitrogen per ml.) in 75 per cent glycerine dissolved in m/100 HCl to 
give the following dilutions: Clear circles and solid circles represent points ob¬ 
tained with two solutions of pepsin diluted 1 in 50, pH 2.54, and tested in 2 cm. 
photometer tubes; small dots, undiluted pepsin solution tested in 1 cm. tubes; 
crosses, diluted to 1 in 50, pH 2.54, and tested in 4 cm. tubes; triangles, diluted to 
1 in 10 and tested in 2 cm. tubes; squares, diluted to 1 in 100 and tested in 2 cm. 
tubes. The range of intensities on the photometer sector scales was spaced at 
intervals of logio D **0.1, between 0.1 ana 1.6, to cover the complete range plotted. 
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that the rate of inactivation depends on the pH of the solution, and 
this has also been indicated by Collier and Wasteneys (1932) and by 
Pincussen and Uehara (1928). 


IV 

As shown in Fig. 1 the absorption approaches a maximum in the 
region below 2400 A.u.; a lower peak of absorption occurs at 2750- 
2800 A.U.; minimum absorption is near 2500 A.u. and in the region of 
wave-lengths longer than 3000 A.u. 

Kubowitz and Haas (1933) determined the absorption curve of 
urease in the ultraviolet, and measured the decrease in activity of a 
solution of jack-bean urease (Sumner, 1926) when irradiated with 
ultraviolet light of measured intensities at wave-lengths between 196 
m/I and 366 m/i. They computed from these data the relative ab¬ 
sorption spectrum of urease. Since the molecular weight of urease 
was not known, close comparison of their curve with that found for 
pepsin is not possible. However, the locations of maximum and mini¬ 
mum of absorption seem to agree rather closely. This is in accordance 
with the similarities implied in the protein character of the two en¬ 
zymes, and in the agreement of their crystalline forms, as pointed 
out by Northrop (1929-30a). 

The slight but definite changes in the slope of the curves (humps) 
at 2560-2650 A.u., at 2930 A.u., and at 3000 A.u. may be significant 
as indicating a difference between the absorption spectrum of pepsin 
and that of such a substance as tyrosine. These humps may also 
indicate certain fine characteristics in the absorption of ultraviolet 
energy associated with enzyme activity, of the type found by Lavin, 
Northrop, and Taylor (1933) in the absorption spectrum of pepsin 
at low temperatures. 


SUMMARY 

The ultraviolet absorption spectrum of Northrop’s pure crystalline 
pepsin has been determined. The curve of calculated molecular ex¬ 
tinction coeflBicients is given. There is noted a general resemblance 
of the absorption curve for pepsin to that for urease and tyrosine; the 
absorption band is maximum at 2750-2800 A.u., minimum near 2500. 
A slight hump on either side of the peak of the extinction curve may be 
significant. 
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INTRODUCTION 

Stimulation of aquatic animals by substances dissolved in the 
medium will be interpretable when the roles played both by the en¬ 
vironment and by the receptive mechanism are understood. Stimu¬ 
lating forces originating in the environment are effective only when 
the receptive mechanism is so adjusted that an interaction between 
environment and receptors is possible. In any one animal the range 
of receptive processes is strictly limited and it is impossible to change 
it significantly by experimental procedure without causing “abnormal” 
reception. Similarly any marked change in the environment is 
equally disastrous to normal reception in the majority of animals. 
However, there are a few animals which can live equally well in quite 
different media. Of these the killifish Funduhs heleroclilus is a good 
example, since it can live in fresh, brackish, or salt water without show¬ 
ing abnormal behavior. If stimulation by the same substance in dif¬ 
ferent media should result in different responses a correlation between 
the specific environments and the receptive mechanism would be indi¬ 
cated; but if no difference in response appeared, it would be suggestive 
of an independence of reception upon the change of general environ¬ 
ment. This animal has therefore been used to test the stimulating 
effectiveness of certain acids and salts in fresh and salt water. Hy¬ 
drochloric and five normal aliphatic acids (acetic, propionic, butyric, 
valeric, and caproic) were tested in fresh water, while the same acids 
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plus sulfuric and nitric, as well as the sodium salts of the mineral acids, 
were tested in salt water.^ 

The experimental procedure in all cases was the same as that described for the 
sunfish (Allison, 1931-32), except that tap water was used instead of spring water 
for the fresh water tests, and that the rate of flow for the salt water tests was 
250 cc. instead of 100 cc. per minute. 

When fresh or salt water flows over Fundulus^ under constant experimental 
conditions the rate of mouth movements and opercular movements remains fairly 
constant. Occasionally there may be movements of the fins or body and varia¬ 
tions in the respiratory movements, but such behavior only temporarily interferes 
with the tests. When an acid solution replaces fresh or salt water the fish responds 
by closure of the mouth and opercula. When inorganic salts are used, the response 
is more often a gaping of the mouth or gulping, followed by closure. The response 
is usually very definite and easily recognized. The time between turning on the 
solution and the response is measured and designated the reaction time. During 
the night and other periods when not being used, the fish are returned to their 
individual aquaria where feeding occurs. The animals may be used repeatedly 
for several weeks (8 to 12) and continue to give the same reaction times (±5 per 
cent) for the same solutions. 

The reaction time is a measure of the response to stimulation. For the acids 
it is correlated with the concentration of the hydrogen ion* and for the salts with 
the normal concentration. In the case of the fatty acids another factor appears 
to play a r61e in stimulation, namely, the field of force around the non-polar group 
in the molecule. This factor increases as the number of CH 2 groups increases, 


^ The experiments with salt water were done at the Mt. Desert Island Biological 
Laboratory during the summers of 1932 and 1933. Preliminary reports of the 
results were published in the Bull. Mt. Desert Island Biol. Lab., 1933, 27; 1934, 33. 

^ In any group of Fundulus there are always some individuals which cannot be 
used for this type of experiment, because they move about incessantly. The 
majority, however, quickly become acclimated to the experimental dish and 
remain quiet for hours unless stimulated. 

* The pH of the solutions both in fresh and salt water was measured by the 
quinhydrone electrode and calculated from the equation: 

-I- 0.4529 -f 0.00002< 

“ 0.00019832r 

Check determinations by the hydrogen electrode showed variations from the 
quinhydrone values which were no larger than the errors of measurement. Hydro¬ 
gen ion concentrations were then calculated from S0rensen^s equation: 

pH = log^ 
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and may be indirectly measured by the hydrogen ion concentration. The inten¬ 
sity of stimulation by each acid, as measured by the reaction time, appears to be 
some function of the activity of the hydrogen ion. There are several ways of 
correlating these two variables, but they are not all equally suggestive of an inter¬ 
pretation. In choosing a method of representation there are certain points to be 
noted. First, the reaction time must be corrected to give a value which is clearly 
related to the stimulus. As measured by the stop-watch the reaction time includes 
a certain minimum time required by (1) the passage of the afferent nervous im¬ 
pulse to the central nervous system; (2) internuncial coordination; (3) the passage 
of the efferent impulse to the effectors; and (4) the processes of muscular contrac¬ 
tion which close the mouth and opercula. As long as the intensity and frequency 
of stimulation are low enough to avoid all secondary effects, such as adaptation, 
narcosis, toxicity, and the like, that time is constant. It should therefore be sub¬ 
tracted from that observed reaction time, since it is not correlated with the stimu¬ 
lus. Furthermore a certain time is lost before the solution comes into contact 
with the receptors, and its magnitude depends upon the rate of flow of solution 
over the fish and upon the volume of the container. This should also be sub¬ 
tracted from the reaction time. For the experiments in fresh water with a flow of 
100 cc. per minute the combined correction factor was 4 seconds, as determined 
by the maximum rate of reaction at different rates of flow. For the salt water 
tests with flows of 250 cc. per minute, only 2 seconds were needed to correct the 
observed reaction time. Secondly, it is desirable to use rate of reactimi instead of 
reaction time in seconds, since rate, considered as a function of some variable, is 
easier to interpret than measured time. Finally the data are so expressed that 
when one variable is plotted against the other a linear relationship appears. 

Experiments in Fresh Water 

Using Fundulus in fresh water, hydrochloric, acetic, propionic, 
butyric, valeric, and caproic acids were tested at several concentra¬ 
tions each. As with the catfish Schilbeodes (Cole and Allison, 1931- 
32), a single Fundulus gives as reliable results as several individuals 
averaged together, and makes unnecessary the correction for indi¬ 
vidual variations in thresholds. Table I summarizes all the data 
secured from a single fish. In Fig. 1 the logarithm of rate of reaction 
is plotted against logarithm of (H+), and the lines are drawn from the 
following equation^ which relates rate of reaction with (H"^): 

100 

log — 121— . 0.665 [1 - 0.5«+ ••»»)] log ((H+) X 10*) + 0.56 (1) 

® j?r — 4 


^ The equation was derived from the line drawn through the HCl points, so 
that it would represent fair agreement with the other points and approach a limit¬ 
ing value when « - 6. 



TABLE I 


Reaction Times of Fundulus to Acids in Fresh Water 


Temperature: 18 ± 0.2®C. Rate of flow: 100 cc. per minute, n =* 10. The 
values in Column 3 were calculated from equation (1). 


pH 

Observed RT — 4 

Calculated RT - A 

Probable error of 

RT - 4* 

Hydrochloric 


sec. 

sec. 


3.02 

2.72 

2.81 

0.1060 

3.17 

3.30 

3.09 

0.1776 

3.44 

3.80 

3.88 

0.2312 

4.00 

6.00 

5.95 

0.5471 

4.68 

9.30 

10.02 

0.7106 

Acetic 

3.74 

2.69 

2.49 

0.1996 

3.90 

3.79 

2.97 

0.2473 

4.10 

4.42 

3.68 

0.2893 

4.33 

5.67 

4.69 

0.3934 

4.64 

7.61 

6.52 

0.6294 

5.10 

14.78 

10.61 

0.8922 

Propionic 

3.75 

2.20 

1.69 

0.0903 

3.92 

2.73 

2.08 

0.1326 

4.16 

3.30 

2.81 

0.1269 

4.65 

4.70 

5.16 

0.2015 

5.06 

8.04 

8.58 

0.4850 

5.21 

13.65 

10.33 

0.5386 

Butyric 

4.10 

2.23 

2.11 

0.1286 

4.21 

2.65 

2.44 

0.1100 

4.38 

2.74 

3.08 

0.1410 

4.88 

6.49 

6.05 

0.4641 

4.98 

5.40 

6.93 

0.2087 

5.29 

9.88 

10.54 

0.6926 

Valeric 

4.20 

2.31 

2.13 

0.1714 

4.34 

2.99 

2.60 

0.1553 

4.79 

4.03 

4.92 

0.1438 

4.93 

6.10 

6.02 

0.7219 

5.35 

7.61 

10.93 

0.5104 

Caproic 

4.52 

2.94 

3.16 

0.1714 

4.85 

4.58 

S.12 

0.1375 


* P.E. 


±0.8453 


ny/n — J 
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where n = number of CH 2 groups in the acid molecule. (For hy¬ 
drochloric acid n = 0.) For each acid the equation may be written 
in the simplified form: 

- 4 - (2) 

where K and b are constants which fix the position of each line. There 
are definite experimental limits within which these equations describe 



Fig. 1. Log of rate of reaction ^where rate = plotted against log 

(H+) X 10® for stimulation of Fundulus in fresh water by the following acids: 
HCl (O), acetic (X), propionic (a), butyric (0), valeric (+), caproic (V). 
(See text for further description.) 

the process of stimulation of Fundulus by acids in fresh water. These 
limits are defined by the plot. Since the lines all intersect where reac¬ 
tion time = 27.5 seconds and the (H+) = 1 Xl0“® n, it is obvious that 
extrapolation of the equations below these points would have no ex¬ 
perimental justification. The common intersection further shows that 
stimulation by any of the acids may be correlated solely with the po¬ 
tential of the hydrogen ion at the lowest (H+) value. Although the 
lines drawn from equation (1) do not fit some of the plotted points 
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very well, the following interpretation would still be justified even 
though slightly different lines or no lines at all were drawn. 

Stimulation by HCl is correlated with the effective hydrogen ion 
concentration. Stimulation by the fatty acids, as their concentration 
increases, is correlated with two factors: the effective hydrogen ion 
concentration, and the potential of the non-polar group in the mole¬ 
cules. The latter potential increases by a fixed amount as each CH, 
group is added to the molecule beginning with acetic acid. However, 
not all of this added energy is available for stimulation, since as the 
number of CHj groups increases the stimulating effect increases by 
smaller and smaller amounts, and gradually approaches a maximum 
value, as shown by equation (1), where the limiting slope approaches 
0.665. This situation differs from stimulation by alcohols, where 
each CHj group increases effectiveness by a constant amount (Cole 
and AUison, 1930-31). 

The results correspond qualitatively with those obtained on the 
sunfish (Allison, 1931-32; Cole and Allison, 1932-33 a). Both Eupo- 
motis and Fundulus react in the same way to mineral and fatty acids. 
In each fish stimulation by the mineral acids may be correlated with 
the effective hydrogen ion concentration, and stimulation by the fatty 
acids with length of the carbon chain. However, there are quantita¬ 
tive differences. The sunfish has a higher threshold for stimulation 
by hydrochloric acid than Fundulus and the mathematical statements 
describing the relationship between (H+) and rate of reaction also 
differ for the two fish. Stimulation by the fatty acids in Eupomotis 
is correlated primarily with the field of force around the non-polar 
group, which is not true for Fundulus. Furthermore in the simfish 
a limiting stimulating value determined by the number of CH 2 groups 
in the molecule is not reached so quickly as in Fundulus. The differ¬ 
ence in behavior must be due to differences in the receptive mecha¬ 
nism. Although the equilibrium is shifted in both cases by a change in 
(H+), a shift of stimulating proportions is reached at a lower (H+) in 
Fundulus than in Eupomotis, which means that the dynamic equilib¬ 
rium between receptors and environment is different in the two fish. 
The simplest assumption to make is that the chemical natures of the 
receptors differ. Such a difference would also account for the differ¬ 
ent behavior of the two fish towards stimulation by the fatty acids. 
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In Fundulus the interface might become saturated with fatty acids 
lower in the series than in the sunfish, so that addition of more CH* 
groups to the molecule produces no further increase in stimulation, 
while in EupomoHs saturation occurs only with the higher acids in the 
series, allowing increased stimulation as more CHj groups are added. 
In both fish the concentration of fatty acids at the receptor surface, 
as determined by the length of the carbon chain and by the composi¬ 
tion of the receptor surface, would increase the activity of the hydro¬ 
gen ion at the interface beyond that of the medium as a whole. If it 
is further assumed that the only r6le of the non-polar group in the 
fatty acids is to concentrate the acids at the receptor interface, then 
equal rates of reaction in one fish would be produced by equal hydro¬ 
gen ion concentrations at the surface, regardless of the acid used, 
even though the hydrogen ion concentrations of the media as a whole 
were quite different for the different acid solutions. However, since 
intensity of stimulation is always measured by a change in hydrogen 
ion concentration of the media, stimulation by the fatty acids must 
be correlated wholly or in part with a force which is not measured in 
terms of primary valence. 


Experiments in Sea Water 


{a) Mineral Acids 

With Fundulus adapted to sea water the stimulating efficiencies of 
HCl, H2SO4, and HNO3 were tested at several concentrations. Ten 
observations on each of two fish were made at each concentration. 
The two sets of data were so similar that they were averaged (see Table 
II). In Fig. 2 the logarithm of the rate is plotted against the loga¬ 
rithm of the (H+), revealing a linear relationship over the experimental 
range. Per cent variation* is essentially constant, indicating no 
change in the mechanism of the stimulation process. The three 
mineral acids evidently enter into the reaction in equivalent amounts. 
Stimulation by these acids must therefore be correlated with the so 
called chemical forces of primary valence which can be measured by 
the hydrogen ion concentration. The line in Fig. 2 is much like the 


* Per cent variation = 
acids in sea water •• 6.7. 


100 P.E. . • e L • 1 

-r' The average per cent variation for the mineral 

RT *“• 2 

(C/. Allison, 1931-32, and Cole and Allison, 1932-33 a.) 
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TABLE II 


Reaction Times of Fundulus to Mineral Acids in Sea Water 
Temperature: 17.7 ± 0.2®C. Flow: 250 cc. per minute, n = 20, 10 on each 
of two fish. 


pH 

m 


B 

RT -2 

Probable 

error 

B 

RT -2 

Probable 

error 

Hydrochloric acid 

Sulfuric acid 

Nitric acid 



■■ 


sec. 



sec. 


2.70 


BB9 

2.68 

1.76 

0.1241 

2.70 

1.46 


3.12 


■1^ 

2.89 

2.06 

0.1226 

2.90 

2.01 

mm 

3.18 


0.2487 

3.24 

2.23 

0.0976 

3.27 

2.64 

am 

3.34 

2.67 

0.1336 

3.53 

3.24 

0.2594 

3.61 

2.97 

0.1083 

3.52 

2.65 

0.1883 

3.85 

3.14 

0 .1754 

3.81 

3.23 

0.1827 

3.60 

2.77 

0.1480 

4.16 

4.22 

0.2924 

3.95 

3.82 

0.2479 

3.79 

3.30 

0.2510 

4.46 

5.76 

0.3714 

4.14 

4.29 

0.2188 

3.93 

3.79 

0.2842 

4.53 

4.61 

0.4097 

4.49 

5.16 

0.3787 

4.00 

3.57 

0.2960 

4.72 

5.15 

0.3039 

4.94 

6.16 

0.4286 

4.08 

4.71 

0.2941 

5.08 

7.93 

0.5787 

5.19 

9.13 

0.5059 

4.34 

5.01 

0.3464 

5.10 

6.29 

0.4689 

5.28 

8.79 

0.5528 

4.42 

7.23 

0.4912 

5.22 

11.66 

0.8513 

5.47 

9.32 

0.6046 

4.49 

5.95 

0.5550 

5.41 

10.24 

0.4450 

5.50 

11.47 

0.8760 

4.77 

5.57 

0.5651 

5.50 

10.26 

0.5549 

5.73 

10.23 

0.4987 

4.85 

7.37 

0.5758 

5.60 

11.85 

0.6900 

5.75 

11.67 

0.6933 

5.00 

5.88 

0.5919 

5.87 

14.24 

0.8995 

5.85 

14.23 

0.9199 

5.18 

8.81 

0.6488 







5.23 

10.16 

0.7912 







5.25 

12.60 

1.1939 







5.70 

14.47 

1.4681 







5.80 

11.50 

0.8056 







5.80 

14.08 

1.0389 








♦ 


P.E. 


±0.8453 


ny/n — I 


HCl line in Fig. 1, and can be described by the same equation (Equa¬ 
tion 2) with slightly different constants, as follows: 

for HCl in fresh water: RT - 4 3 

for HCl, HiSOi, and HNOj in sea water: RT — 2 = (4) 

3.716(,H‘''}”-*" 

Both equations are subject to about the same experimental limits. 
Such close agreement indicates that a change from fresh to sea water 
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does not alter the type of reaction at the receptor interface when 
mineral acids are added to the environment of Fundtdus. By increas¬ 
ing the (H+) of either fresh or sea water with mineral acids, the estab¬ 
lished equilibrium existing between receptors and environment is so 
shifted that the same response occurs. 



Fig. 2 . Log of rate of reaction ^where rate = against log 

((H+) X 10*) for stimulation of Fundulus in sea water by HCl (O), H 2 SO 4 (□), 
and HNOj (A). (See text for further description.) 

A year previously qualitative data were secured for stimulation by 
HCl and by the fatty acids (acetic, propionic, butyric, valeric, and 
caproic) in sea water, and are presented in Fig. 3. Although the 
threshold for stimulation by HCl was slightly lower, the slope of the 
line is the same as that for HCl in Fig. 2, showing excellent agreement 
with the later tests. Here again evidence exists that the fatty acids 
are more effective than the mineral acids because of the presence of 
CH 2 groups in the molecules. Although there are not sufficient data to 
justify a quantitative treatment, the difference in spread of the lines 
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for fatty acids in Fig. 1 and Fig. 3 is considered significant, and not as 
due to experimental or other sjrstematic errors. In fact, a difference 
might be expected because over the whole experimental range it was 
necessary to use higher concentrations of fatty acids in sea water than 
in fresh water in order to produce the same pH. For example, 0.0004 
N propionic acid in sea water changed the pH from 8.2 to 7.4, while in 
fresh water it changed the pH from 8.0 to 5.2. A lower concentration 



Fig. 3. Log of rate of reaction ^where rate — against log 

((H''’) X 10*) for stimulation of Fundulus by the following acids: HCl (o), 
acetic (X), propionic (□), butyric (©), valeric (+), caproic (V). (See text 
for further description.) 

of free fatty acid and a higher concentration of the salts of the fatty 
acids therefore exist in the sea water solutions than in the fresh water 
solutions. Furthermore, there is a greater change in CO* pressure in 
the sea water solutions than in fresh water, since sea water is buffered 
mostly by bicarbonates. Since little difference was foimd between 
the stimulating efficiencies of the mineral acids in fresh and in sea 
water, a change in CO* pressure is probably not the reason for the 
different effects of the fatty acids m the two environments. However, 
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part of this difference must be explained by the formation of higher 
concentrations of the fatty acid anion in sea water than in fresh water. 
The tendency of this anion to alter the complex ionic equilibrium at or 
near the receptor interface in sea water has been recognized in the 
interpretation of experiments with the barnacle (Cole, 1931-32; Cole 
and Allison, 1932-33b). 


TABLE ra 

Reaction Times oj Fundulus to Inorganic Salts in Sea Water 
Temperature: 17.7 ± 0.2°C. Flow: 250 cc. per minute, n = 20, 10 on each 
of two fish. Concentration normal = normal concentration of salt added to sea 
water. 


Concen¬ 

tration 

normal 

RT - 2 

Probable 

error 

Concen¬ 

tration 

normal 

RT -2 

Probable 

error 

Concen¬ 

tration 

normal 

m 

Probable 

error 

Sodium nitrate 

Sodium chloride 

Sodium sulfate 


sec. 



sec. 


■■ 

sec. 


0.08 

19.74 


0.08 

16.91 

1.0825 


17.46 

1.2627 

0.085 

18.12 

1.5865 

0.085 

16.53 

1.3863 


13.61 

1.0326 

0.09 

17.94 

1.3477 

0.09 

14.60 

1.0163 

0.10 

10.45 

0.4977 

0.095 

13,91 

1.3316 

0.095 

16.77 

1,1956 

0.11 

9.49 

0.4458 

0.10 

11.62 

0.4090 

0.10 

10.88 

0.5479 

0.12 

9.52 

0.7352 

0.105 

12.69 

0.9380 

0.105 

12.81 

0.8540 

0.13 

7.87 

0.4901 

0.11 

10.57 

0.4498 

0.11 

13.28 

0.8194 

0.14 

5.92 

0.2916 

0.115 

8.55 

0.6945 

0,115 

8.43 

0.4430 

0.16 

5.03 

0.2918 

0.12 

8.70 

0.3578 

0.12 

8.93 

0.5916 

0.18 

5.23 

0.2989 

0.125 

9.97 

0.8812 

0.125 

8.91 

0.5947 




0,13 

8.23 

0.5231 

0.13 

9.29 

1.0025 




0.135 

9.61 

0.9159 

0.135 

9.80 

0.6529 




0.14 

6,07 

0.3076 

0.14 

8.72 

0.6412 




0.145 

6.15 

0.5837 

0.145 

8.93 

0.3677 




0.15 

6.56 

0.4235 

0.15 

7,82 

0.8446 




0.155 

4.93 

0.6720 

0.155 

7.83 

0.6110 




0.16 

4.95 

0.3117 

0.16 

6.45 

0.6895 




0.165 

5.46 

0.5710 

0.165 

5.72 

0.4269 




0.17 

4.85 

0.2594 

0.17 

6.80 

0.6601 




0.175 

5.35 

0.5563 

0.175 

6.71 

0.7402 




0.18 

4.80 

0.3158 

0.18 

4.69 

0.3372 







0.19 

5.16 

0.5062 





{b) Inorganic Salts 

Tests were also made with the sodium salts of HCl, H 2 SO 4 , and 
HNO»; the data are collected and summarized in the same way as for 
the acids (see Table HI and Fig. 4). The pH of the salt solutions was 
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the same as that of sea water. The responses of the fish to a change in 
salt concentration of the sea water were not as regular as they were to 
a change in (H+), and often consisted of a gaping of the mouth or 
gulping followed by closure. Sometimes no easily recognizable re¬ 
sponse occurred when the salt solutions were used, especially at the 
lower concentrations. Therefore a few “no reactions” were inter¬ 
spersed with the obvious reactions. The former were not included in 
the analysis of the data. This difference in behavior of the fish to- 



Fig. 4. Log rate of reaction ^where rate « gjmn) against log concen- 

tration X 100 for stimulation of Fundidus by NaCl (O), Na 2 S 04 (□), and NaNOs 
(A) in sea water. The three points marked by two concentric circles (O) are the 
averages of twenty observations on each of the three salts by a different observer 
using a different individual Fundidus at a different rate of flow (100 cc. per minute). 
To correct these reaction times 4 seconds were subtracted instead of 2. 

wards stimulation by the salts and acids may indicate a difference in 
the mechanism of the stimulation processes. The average percent¬ 
age variation for the salts was 7.5, which is slightly higher than for 
the acids, but all of the points lie within two parallel lines defining 
the scatter. The average line may be represented by the following 
equation within the experimental limits: 

1 


ier - 2 « 


4.498 


(5) 
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where C represents equivalent concentrations of the salts added to 
sea water. Check tests for each of the salts indicated by concentric 
circles in Fig. 4 were made by another observer on a single fish adapted 
to a different experimental set-up with a lower rate of flow (100 cc. 
per minute). There is no apparent break in the relationship stated 
by equation (5), since the per cent variation is independent of the 
change in concentration. 

Although much higher concentrations of the anions were used in 
the salt solutions than in the acid solutions, there is no evident effect 
which can be correlated with difference in the polarity of these ions. 
Sodium chloride, sodium sulfate, and sodium nitrate enter into the re¬ 
action in equivalent amounts, so that surface forces which might alter 
such a stoichiometric relationship play no role. Stimulation by these 
salts as well as by the mineral acids can therefore be correlated with 
the forces of primary valence. However, the stimulating efficiency 
of the sodium salts measured by threshold concentrations is much 
less than for the acids. The greater threshold concentration of the 
salts might be expected since the fish is adapted to a relatively high 
concentration of sodium ions in sea water. The efficiency of the reac¬ 
tion in stimulation by salts and by acids may also be measured by the 
slopes of the lines in Fig. 4 and Fig. 2. The greater the slope the 
greater the efficiency of the reaction over the experimental range. 
The concentration exponent in equation (5), which is the slope of the 
line, is 1.78 while the exponent in equation (3) for the mineral acids is 
0.292. Therefore after the respective threshold concentrations have 
been reached the sodium salts are more effective as stimulating agents 
than the mineral acids. 


SUMMARY 

1. Fundulus heteroclitus was found to be a reliable experimental 
animal for studies on chemical stimulation in either fresh or sea water. 

2. The response of Fundulus to hydrochloric, acetic, propionic, 
butyric, valeric, and caproic acids was determined in fresh water, 
while the samf acids plus sulfuric and nitric, as well as the sodium 
salts of the mineral acids, were tested in sea water. 

3. Stimulation of Fundulus by hydrochloric acid in fresh water is 
correlated with the effective hydrogen ion concentration. Stimula- 
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tion by the »-aliphatic acids in the same environment is correlated 
with two factors, the effective hydrogen ion concentration and the 
potential of the non-polar group in the molecule. However, as the 
number of CH 2 groups increases the stimulating effect increases by 
smaller and smaller amounts, approaching a maximum value. 

4. Stimulation of Fundulus by hydrochloric, sulfuric, and nitric 
acids in sea water is correlated with the forces of primary valence 
which in turn are correlated with the change in hydrogen ion concen¬ 
tration of the sea water. The »-aliphatic acids increase in stimulating 
efficiency in sea water as the length of the carbon chain increases, but 
a limiting value is not reached as soon as in fresh water. 

5. Only a slight difference in stimulation by hydrochloric acid is 
foimd in sea water and in fresh water. However, there is a significant 
difference in stimulation by the fatty acids in fresh and in sea water, 
which is partly explained by the different buffering capacities of the 
two media. It is to be noted that in the same environment two differ¬ 
ent fish, Fundulus and Eupomotis, give different results, while the same 
fish ^Fundulus) in two different environments responds similarly to 
mineral acids but differently to fatty acids. These results illustrate 
that stimulation is a function of the interaction between environment 
and receptors, and that each is important in determining the response. 

6. Stimulation by sodium chloride, nitrate, and sulfate is correlated 
with equivalent concentrations of the salts added to sea water, or 
with the forces of primary valence. Although the threshold for 
stimulation by the salts is considerably higher than for the acids, the 
efficiency of stimulation by the salts is greater. 
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I 

We undertook the following study of photosynthesis in Gigartina 
partly in the hope of generalizing some of our conclusions drawn from 
work with Chlorella, but the results seem interesting in several other 
respects as well. The rather primitive methods used heretofore in 
measuring photosynthesis in marine algae do not permit much control 
of external conditions. From the existing knowledge of photosynthe¬ 
sis in fresh water aquatics and terrestrial plants, it is clear that results 
cannot be interpreted unless the degree of saturation with light and 
carbon dioxide is known. These essentials have never, as far as we 
are aware, been established in the experiments with marine algae, 
yet the results have been made the basis of important generalizations 
about the photosynthesis and ecology of these organisms. Several 
investigators have concluded that the Florideae are enabled, by the 
activity of their characteristic red pigment, to grow successfully at 
great depths, and in general where the color and intensity of the 
light are unfavorable to the development of green and brown algae. 

In this paper, we cannot undertake to discuss adequately the ques¬ 
tion of the photosynthetic activity of phycocrythrin, or the distribu¬ 
tion of the Florideae, nor do we think that a study of a single species, 
such as we have carried out, would provide proper basis for such a 
discussion. We mention these problems only because our experiments 
indicate the kind of information which will have to be collected before 
such questions can be discussed profitably. 

The shortcomings in the technique of experimenters on photosyn- 
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thesis in marine algae arc illustrated by the work of Ehrke (1931). 
He, like Kniep (1914), Harder (1915), and Montfort (1929), kept his 
material under so called “natural” conditions, because he was attack¬ 
ing an ecological problem. To measure photosynthesis, he enclosed 
samples of algae in glass vessels of special design, and of about 1 liter 



Fig. 1. Gigarlina photosynthesis in ordinary sea water (solid circles), and in 
ordinary sea water saturated with 5 per cent COj in air (open circles). Tem¬ 
perature “ 1S°C. Rate of photosynthesis is in mm. of Brodie per 5 minutes for 
2.1 cm.^ of material. 

capacity. They were filled to the neck with sea water, stoppered 
tightly, and exposed to light for several hours, either in the laboratory, 
or at various depths in the sea. Photos 5 mthesis was determined by 
titrating the oxygen content of samples of sea water taken before and 
after exposure. Ehrke gives the dry weight of the material for each 
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experiment. Using Harder’s (1915) table of dry weights, we have 
estimated that Ehrke used about 50 gm. of fresh material in about a 
liter of sea water, for a typical experiment. 

In Fig. 1 we have plotted relative rates of photosynthesis against 
time of illumination. The curve with solid circles represents measure¬ 
ments with a piece of Gigartina weighing less than 150 mg., suspended 
in 8 cc. of ordinary sea water. Illumination began at zero on the time 
scale. Photosynthesis rises to a maximum in about 15 minutes, and 
soon afterwards enters an almost linear decline. This shows that 
when Gigartina and sea water are used in these proportions, only the 
measurements of the second 15 minutes of illumination are approxi¬ 
mately constant. In Ehrke’s experiments more material was used in 
proportion to the amount of sea water, and he determined only the 
average rate for 3 hours or more. The curve with solid circles in Fig. 1 
shows that this may be something quite different from the rate of 
photosynthesis under truly “natural” conditions, when the algae are 
bathed continuously in fresh sea water. 

The decline in rate is not due to irreversible injury from the experi¬ 
mental conditions, but to a steady fall in the carbon dioxide concen¬ 
tration, because of its removal in photosynthesis. This is well shown 
by the curve with open circles in Fig. 1. Here the same amount of 
material was suspended in the same quantity of ordinary sea water, 
this time saturated with 5 per cent carbon dioxide in air. Under 
these conditions the rate shows no sign of dropping for 2 hours or longer. 

II 

Methods 

Photosynthesis was measured with Barcroft-Warburg manometers and rec¬ 
tangular vessels, of the type illustrated by Emerson (1929, p. 614). We shall 
discuss in detaU the control of carbon dioxide concentration in sea water, and 
mention briefly the provisions made in this investigation for the other external 
factors. 

Carbon Dioxide Concentration .—Ordinary sea water contains a small amount of 
dissolved carbon dioxide, a much larger amount of bicarbonate, and some car¬ 
bonate. If the dissolved carbon dioxide is used for photosynthesis, some of the 
bicarbonate will decompose to form carbonate, and more carbon dioxide. But 
the concentration of the carbonate-bicarbonate system is too low to maintain a 
constant concentration of carbon dioxide in our experiments, and we have already 
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explained that the rate of photosynthesis falls unless some additional supply of 
carbon dioxide is provided. The curve with solid circles in Fig. 1 shows that rate 
measurements may be made in the second 15 minute period after the beginning of 
illumination, while the rate stays approx.imately constant. Because of the ready 
availability and constant composition of ordinary sea water, this may often be a 
desirable practice. Whenever we have used this technique, we have calculated 
the oxygen production, or photosynthesis, on the assumption that the pressure 
changes are entirely due to evolved oxygen, and that the partial pressure of carbon 
dioxide remains constant for this short period of time. This is a rather crude 
assumption, because of the poor buffering effect of the bicarbonate in the sea 
water. It tends to make the calculated oxygen production, and hence the rate of 
photosynthesis, lower than the true value. 

A constant rate of pressure change can be maintained for several hours by 
suspending material in ordinary sea water saturated with 5 per cent carbon dioxide 
in air. The curve with open circles in Fig. 1 shows measurements of photo¬ 
synthesis in this medium. It shows no tendency to decline, even at the end of 70 
minutes, and the same is true of much longer periods. To calculate gas exchange 
from pressure changes in such a system, we may regard it as analogous to War¬ 
burg’s Ringer solution saturated with 5 per cent carbon dioxide (c/. Warburg, 
1924). Two vessels containing unequal volumes of fluid are required for each 
determination. Carbon dioxide consumption and oxygen production, and hence 
the photosynthetic quotient CO 2 /O 2 , are calculated from the pressure changes in 
the two vessels. Pressure changes in a single vessel can be used as a measure of 
relative rate of photosynthesis when the quotient is unknown. The curve with 
open circles in Fig. 1 was made in this way. Material in ordinary sea water 
saturated with 5 per cent carbon dioxide attains a steady rate of photosynthesis 
more slowly than material in other media, as is illustrated by Fig. 1. For this 
reason we have preferred to use artificial sea water without carbonate or bicarbon¬ 
ate, saturated with 5 per cent carbon dioxide, for measuring the photosynthetic 
quotient. The experiments made in ordinary sea water saturated with 5 per cent 
carbon dioxide serve as a useful check on those made under more artificial condi¬ 
tions. Either ordinary or artificial sea water saturated with 5 per cent carbon 
dioxide has at 15° a carbon dioxide concentration of very nearly 0.002 molar. 
But artificial sea water saturated with the gas mixture may be objectionable 
because it is considerably more acid than other media we have used. The ordinary 
sea water at Pacific Grove had a pll of 7.6. When saturated with 5 per cent car¬ 
bon dioxide, the pH fell to 6.6, while the value for artificial sea water without 
carbonates, and saturated with 5 per cent carbon dioxide, was about 5.3.' In 
spite of the acidity, photosynthesis in this medium continues at a constant rate for 
some time. 


^ We are indebted to Dr. K. V. Thimann for making the pH determinations for 
us, with a glass electrode. 
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In the majority of our experiments, carbon dioxide was provided by adding to 
artificial sea water larger amounts of carbonate and bicarbonate than are present in 
ordinary sea water. The advantages of carbonate mixtures for studying photo¬ 
synthesis have been brought out by Warburg’s work with Chlorella (1919). They 
exert a buffering effect on the carbon dioxide concentration, and maintain it 
nearly constant so that photosynthesis can be measured by oxygen production. 
Warburg has been widely criticized for his use of carbonate mixtures, which con¬ 
stitute a rather unphysiological medium for Chlorella, Whether or not these criti¬ 
cisms are justified,^ they have little or no bearing on the use of carbonate mix¬ 
tures for marine algae, because ordinary sea water is already a dilute carbonate- 
bicarbonate mixture. The normal pH of ocean water is said by Harvey (1928) to 
be about 8.1. In strengthening the concentration and varying the composition of 
the carbonate mixture, we have confined ourselves to a pH range of 7.6 to 8.6, a 
slight variation from the normal. 

Warburg’s solutions were of 0.1 molar concentration, and were well buffered. 
Such concentrated mixtures cannot be prepared in sea water without precipitating 
calcium and magnesium carbonates. Artificial sea water could be prepared with 
less calcium and magnesium, and the salinity made up by using more sodium and 
potassium chloride. Such a medium would probably be uninjurious to marine 
algae for short periods, and would permit the use of more concentrated carbonate 
mixtures, resulting in a a valuable improvement in their buffering capacities. 
We have made no experiments in this direction. 

Our artificial sea water was prepared according to the specifications of E. J. 
Allen (1914, p. 421), except that the chlorides were not titrated, and ordinary 
distilled water from a tin-lined still was used. The following stock solutions were 
mixed as indicated: 

Amount of stock per 


Stock Solution 100 cc. sea wat^ 

ce. 

28.3 gm. NaCl in 500 cc, H 20 . 50.0 

KCl, molar solution. 1.0 

CaCl 2 , “ . 1.1 

MgCl2, “ ‘‘ . 2.6 

MgS04, “ “ . 2.9 


After mixing, distilled water was added to make 84 cc., and then 16 cc. of carbon¬ 
ate-bicarbonate mixture were added. The stock solutions must be mixed and 
diluted before adding the carbonate mixture, to avoid precipitation of carbonates. 

Buch and several collaborators (1932) made an exhaustive study of carbonate 
equilibria in sea water, and compiled tables which facilitate the calculation of the 


^ Since preparing this paper, we have made experiments which show that at 
least at high concentrations of carbon dioxide, the rate of photosynthesis in Chlorella 
is quite independent of pH between 4.6 and 8.6. This objection to Warburg’s 
procedure appears to be invalid. 
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carbon dioxide concentration and acidity of our various carbonate mixtures in 
artificial sea water. We shall indicate the form in which their data are given, 
and the essential steps in calculating carbon dioxide concentration. 

When carbon dioxide physically dissolved in water is in equilibrium with the 
carbon dioxide in the air, the concentration [CO 2 ] in the water, expressed in mols 
per liter, is related to the partial pressure pcoi carbon dioxide in the air, ex¬ 
pressed in atmospheres, by the equation 

[CO 2 ] = c*PcOf 

Here c is a constant called the molar solubility of carbon dioxide, whose value 
dep>ends on the temperature and the quantity of dissolved solids. Buch*s report 
includes a table of molar solubilities of carbon dioxide in sodium chloride solutions 
for temperatures from -2° to 30®C., and for salt contents or salinities (5') from 
zero to 40 °/oo. The symbol °/oo denotes parts per thousand by weight. The 
solubilities in sea water do not differ appreciably from those in sodium chloride 
solutions of corresponding temperature and salinity. (The "'salinity'' of sea water 
refers to the total salt content.) Therefore we can use these values in calculating 
the concentration of carbon dioxide in sea water if we know its partial pressure 
in the air. The concentrations in ordinary and artificial sea water saturated with 
5 per cent carbon dioxide were calculated in this way. 

The dissociation of the dissolved carbon dioxide may take place through either 
of two intermediate steps: 

(а) CO 2 + H 2 O - H 2 CO, - + HCO,-, 

(б) H 2 O - H+ -h OH-, CO 2 + OH' = HCOr. 

Either of these pairs of reactions leads, by elimination of the intermediate step, 
to the following mass action expression for the equilibrium concentrations: 

[Hi [HCO,-] 

[CO 2 I [H 2 OI 

Since the concentration of water molecules is constant for a water sample of given 
salinity and temperature, its value may be incorporated in the constant. The 
bicarbonate ion dissociates further: 

HCOr = H+ + cor. 


We have, then, using Buch’s notation for the constants: 

[Hi [HCOai ^ 

[CO,l “ 


[Hi [corl 
[Hcorl * 
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These may be solved for the carbon dioxide concentration or the hydrogen ion 
concentration: 


tec,. ^ 


[H+] = 


iHCOrP 

icor] ’ 

IHCO,-] 
[CO3-I ‘ 


( 1 ) 

( 2 ) 


The values of Kc^ and A ''2 vary with both the temperature and the salinity of the 
water. According to the theory of Debye and Hiickcl (Clark, Chapter 25), as 
well as to experiment, these constants are functions of the ionic strength of the 
solution, which is one-half the sum of the products obtained by multiplying the 
concentration of each ion in the solution by its valence. All dissolved salts are 
considered to be completely ionized. 

Natural sea water, though varying widely in salinity, maintains a very constant 
relative composition, so that the concentration of a single constituent completely 
determines the composition. Thus, sea water is commonly characterized by its 
chlorine content. The ionic strength, salinity, and chlorine content of natural 
sea water are directly proportional to one another, as follows: 


M = 0.020 X S 7co * 0.036 X Cl 7oo. 


Buch’s tables give values of pA^, and pA' 2 , defined respectively as - logic Ae, 
and — logic A' 2 , tabulated as functions of chlorine content, for temperatures from 
0 ® to 30®C. and for chlorine contents up to 22 ®/oo. The ionic strength is the true 
determining factor, and only in the case of natural sea water can this factor be 
stated in terms of chlorine content. The importance of using these values for the 
constants, determined in sea water, in place of the usual values for the constants as 
determined in extremely dilute solutions is realized when we note that, for example, 
at 20®C. in extremely dilute solutions A '2 has the limiting value 3.5 X 10“^^ 
while in ordinary sea water (Cl = 19 7oo) its value is 1.7 X 10 about fifty 
times as great. 

Dr. Macinnes has derived a value of A '2 for sea water of the same salinity by 
extrapolation of a curve published by Macinnes and Belcher (1933), which differs 
greatly from the value obtained from Buch's figures. But these authors made 
their determinations in more dilute solutions than Buch, whose determinations 
were made in sea water, and a considerable extrapolation was required. Buch and 
others have pointed out that such constants are a different function of /i in dilute 
and in concentrated solutions, so we have preferred to use Buch’s values, believing 
them to be the best obtainable at present. While future work on carbonate 
equilibria may lead to different values for the constants, and hence modify our 
absolute carbon dioxide concentrations, the relative concentrations in the various 
mixtures will probably remain unchanged, as Warburg pointed out in connection 
with his own mixtures (1919, p. 317). Warburg used constants different from^ ours 



824 


PHOTOSYNTHESIS IN GIGARTINA 


to calculate carbon dioxide concentrations in his mixtures, so his figures cannot 
be compared directly with ours, but in each case the shape of the curves and the 
conclusions to be drawn from them are not likely to be modified by changes in 
the constants.* 

To solve equations (1) and (2), the concentrations of carbonate and bicarbonate 
ions must be known. The potassium carbonate and bicarbonate in our artificial 
sea water may be regarded as completely ionized, so we may set the initial ion 
concentrations equal to the concentrations of their respective salts. Here, as 
elsewhere, we refer to concentration per liter instead of per kilo. This involves 
only a negligible error. 

Table I shows the initial carbon dioxide concentrations and pH values of our 
mixtures of carbonate and bicarbonate in artificial sea water at 15®, calculated 

TABLE I 

Initial Conditions in Artificial Sea Water with Various Carbonate Mixtures 


[HCO,-] » 0.016/3 
[CO,i = 0.016 (1 - /3) 



/3 


15* 


4* 

Mixture 

pH 

^COa atmos¬ 
pheres X 10* 

(CO 2 J 

ICOa) 

A 

5/8 

8.6 

7 

mols X 10^/I. 

2.7 

mols X 10^/I. 

2.4 

B 

3/4 

8.3 

15 

5.8 


C 

13/16 

8.2 

23 

9.1 


D 

7/8 

7.9 

41 

16.0 


E 

15/16 

7.6 

93 

36.0 

33.0 


from equations (1) and (2). We also give the concentrations of carbon dioxide in 
mixtures A and E for 4®, because these mixtures were used in experiments at 
different temperatures. The pH changes only slightly with temperature. 

Two factors operate to alter the initial carbon dioxide concentrations of our 
mixtures. The algal material withdraws carbon dioxide for photosynthesis, and 
carbon dioxide is exchanged between the mixture and the gas space until the two 
are in equilibrium. The latter is a negligible factor in our experiments, because 
the gas space is always small, and the partial pressures of carbon dioxide in equilib¬ 
rium with our various mixtures are never much above its partial pressure in the 


* Later work of Buch has resulted in a revision of his values of The 

revised value for K '2 at 20°C. and Cl 19 ®/oo is 9.8 X 10“^®. This would reduce 
our calculated values for carbon dioxide and hydrogen ion concentrations about 
40 per cent. C/. Buch, K., 7. conseil internal Vexploration de la mery 1933,8,309. 
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atmosphere. The amount of carbon dioxide used in photosynthesis is large 
compared with that which may leave the mixture as gas, and it is important to 
know how much may be used without greatly changing the concentration. Mix¬ 
ture E, with the highest concentration, has the lowest buffering capacity. The 



Fig. 2. Gigartina photosynthesis in artificial-sea water to which has been added 
a mixture of potassium carbonate and bicarbonate. The solid circles are for a 
mixture giving a low carbon dioxide concentration, the open circles for a mixture 
giving a high concentration. Temperature ** 15®C. Rate of photosynthesis is in 
mm.* O 2 per 5 minutes for 2.1 cm.* of material. 

removal of 50 c.mm. of carbon dioxide from 8 cc. of mixture causes a fall of about 
20 per cent in the concentration. The removal of an equal amount from mixture 
A causes a fall of only about 5 per cent in concentration. 

The course of photosynthesis in Gigartina in two mixtures corresponding 
apiproximately to A and E is shown in Fig. 2. In the lower concentration (solid 
circles), the rate remains at the same level throughout the experiment. In the 
higher concentration, after the initial rise, the rate remains fairly constaitt for 
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about 20 minutes, and then begins to show a decline, because of falling carbon 
dioxide concentration. In making experiments in these carbonate mixtures, 
we have confined our measurements to the time interval when the rate is nearly 
constant, the second 20 minute period after the beginning of illumination. 

It is evident that better buffer mixtures could have been prepared by keeping 
the carbonate constant, instead of decreasing it, as the bicarbonate was increased. 
At the time we did our experimental work, information on carbonate equilibria in 
sea water was not available, and we had expected to use a method of calculating 
carbon dioxide concentration similar to Warburg^s. This ^requires that the 
concentration of the cation, potassium in our case, be kept constant, while the 
carbonate and bicarbonate are varied. The method of calculation outlined above, 
using Buch’s tables, does not depend on the constancy of the cation concentration, 
so there is more latitude than we allowed ourselves in preparing our mixtures. 

Lighting ,—Illumination was provided by a row of internally frosted 60 watt 
lamps, placed as close to one another as possible, and about 8 cm. from the bottoms 
of the vessels containing the algal material. The number of lamps was always two 
greater than the number of vessels, not counting the control, which contained no 
material. 

To vary the intensity, Wratten neutral filters were attached to the bottoms of 
the vessels with rubber bands. The manufacturer's transmission figures for this 
series of filters have been found to be correct within 3 per cent for incandescent 
light. To insure that no light entered the vessels except through the filters, the 
sides and tops were covered with jackets of copper foil. 

Temperature ,—Because of the known sensitivity of marine algae to higher 
temperatures, we conducted our measurements at temperatures of 16® or lower. 
The surface water at Pacific Grove is seldom if ever warmer than 16°C. The 
vessels were shaken in a large water thermostat, the temperature of which was 
maintained constant to less than 0.05®C. 

Ill 

Material 

We made trial experiments with Iridaea, Nitophyllum^ and Gigar- 
tina. A species of Gigartina, identified for us by Professor N. L. 
Gardner, of the University of California, as G. harveyana, was selected 
as most suitable for our purposes. Juvenile fronds are to be found in 
moderate quantity throughout the summer at Pacific Grove. They 
grow in a narrow zone about a foot below mean lower low water. The 
young fronds are smooth, thin, free from epiphytic algae, and of a 
fairly uniform red color. They were collected at low tide, and kept 
in a tank of running sea water in the laboratory. We found they could 
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be kept in good condition for 2 weeks or longer, but after this time they 
showed a somewhat reduced rate of photosynthesis. The experi¬ 
ments described in this paper were made with material kept less than 
7 days in the laboratory. 

Keces of thallus to fit in the manometer vessels were punched out 
with a 16.5 nun. cork borer, or with an oval stainless steel punch 
which cut an area almost exactly twice that of the cork borer. We 
have used 2.1 cm®, and 4.2 cm®, for their respective areas. 

The manometer vessels were filled with measured volumes of fluid, 
and then the pieces of thallus were introduced, one piece to each ves¬ 
sel, immediately after being cut. The change in fluid volume made by 
introducing the piece of thallus with its adhering water was estimated 
by weighing a series of pieces cut with the oval punch from fronds dif¬ 
fering as much as possible in size and thickness. The weights varied 
from 270 to 330 mg. In any one experiment the variation was surely 
much smaller, because care was taken to cut all pieces for a given ex¬ 
periment from one frond, and as close together as possible. The 
pieces were assumed to have a density of 1, and a xmiform addition 
to the fluid volume was made in all cases, 300 c.mm. for the oval 
pieces, and 150 c.mm. for the circular pieces. 

The respiration of marine algae is generally supposed to be small. 
In Gigartina it is about 1/30 of the maximum photosynthesis at 15°, 
so it is an insignificant correction under optimum conditions. But at 
low intensities or carbon dioxide concentrations it becomes an appre¬ 
ciable proportion of the photosynthesis. In general we have dispensed 
with measuring it, and have made a small arbitrary correction for it. 
Nothing is changed in our conclusions if the correction is omitted, but 
the lower points in some of the figures fall more nearly on the curves 
when it is included. 

Photosynthesis is expressed in cubic millimeters of evolved oxygen, 
calculated from change in pressure. In making the calculations, the 
absorption coeflflcient a given in Landolt-Bornstein for oxygen in 0.5 
molar sodium chloride has been used. This value may not be quite 
correct for sea water, but since oq, changes only slightly with salt con¬ 
centration, and constitutes only a small factor in the calculations, it 
may safely be used for our experiments. 
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IV 

Description and Discussion of Experiments 

One of the most characteristic features of the photos 3 mthetic proc¬ 
ess in Chlorella, and probably in green plants in general, is the be¬ 
havior of the temperature coefficient, Qio. At high light intensities, 
the coefficient rims from 2 to 6, depending on the range studied. 
Reduction in the rate of photosynthesis by lowering the light intensity 
causes the coefficient to fall to nearly unity, whereas the same reduction 
in rate brought about by lowering the carbon dioxide concentration, 
keeping the light intensity high, does not greatly alter the coefficient. 
If photosynthesis in the Florideae involves the same reaction mecha¬ 
nism as in the green plants, then the Florideae may be expected to react 
in the same way to temperature changes under these conditions. 

The choice of light intensities and carbon dioxide concentrations 
for the experiments at different temperatures must be determined by 
measurement of photosynthesis as a function of these two factors. 

Fig. 3 shows a plot of rate of photosynthesis at 15°C., against light 
intensity in arbitrary units. The highest intensity is the direct light 
from a row of closely spaced 60 watt lamps, about 8 cm. from the algal 
material. Table II gives complete data for the experiment. The 
coordinates of the points in Fig. 3 are in Columns 1 and 7. The curve 
shows that the material is nearly saturated by the full light intensity. 

Although the shape of this curve is somewhat different from War¬ 
burg’s intensity curve for Chlorella (1925, p. 388), this does not neces¬ 
sarily indicate any difference in the two photosynthetic processes. 
Warburg used thin cell suspensions, which reduced the intensity not 
more than 10 per cent as the light passed through them. Our sec¬ 
tions of Gigartina may have reduced the intensity of the incident light 
as much as 90 per cent as it passed through them. This means that 
for Warburg’s curve, all cells will reach saturation at about the same 
incident intensity, because they are all nearly equally illuminated, 
whereas for our curve, the cells farthest from the light will reach satura¬ 
tion only after the incident light has far exceeded the intensity neces¬ 
sary to saturate the cells first receiving the light. Consequently we 
should expect our curve to show a much more gradual approach to 
saturation, and this is actually the case. 
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Fig. 3. Rate of Gigariina photosynthesis as a function of light intensity. The 
unit of intensity is arbitrary. Temperature ~ 15®C. Rate of photosynthesis is 
in mm.* O 2 per 15 minutes per cm.* of material. 


TABLE II 

Photosynthesis at Different Light Intensities. Detailed Data for Fig, 3 
Area of algal material in each vessel = 2.1 cm.* Material suspended in ordi¬ 
nary sea water in equilibrium with air. Light from six 60 watt lamps close 
together, 8 cm. below vessels. 

Temperature = 15.0®C. 


Relative 
Intensity 
(per cent 
transmission 
of filter) 

Volume of 
gas space 

Volume of 
fluid, includ¬ 
ing material 

Vessel 

constants 

«o, 

Ah change of 
pressure in 

15 min. 

XQ^ volume 
of oxygen 
evolved in 

1 5 min. * 

AA Kq, 

xq, with 
uniform 
correction for 
respiration, 

1 mm.* in 

15 min. 


cc. 

WBm 


mm. 

mm.* 

mm.* 

10 

4.16 

HB 


11.1 

4. 6 

5.6 

25 

4.13 

mKm 

mSBm 

33.6 

14 

15 

50 

5.26 



37.6 

20 

21 

75 

5.08 



47.2 

24 

25 

100 

5.33 

8.15 

0.53 

48.9 

26 

27 
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We should mention here that the pieces of thallus never turn over 
while they are being shaken in the manometer vessels. During an 
entire experiment they remain with the same side facing the full in¬ 
tensity of the light, and the other side in deep shadow. 

Montfort (1930) quotes Wurmser as stating that Rhodymenia shows 
a diminution in photosynthesis when exposed to intense light. He 



Fig. 4. Rate of Gigartina photosynthesis as a function of carbon dioxide con¬ 
centration. Photosynthesis is in mm.* O* per hour per cm.* of material, and COj 
concentration in mols X 10*. High light intensity; temperature - IS^C. 

attributes this to the presence of phycoerythrin, because Ulva does 
not show a similar diminution. Gigartina may be exposed to intense 
light for several hours, and still show an undiminished rate of photo¬ 
synthesis, provided the supply of carbon dioxide remains adequate, so 
we think the phenomenon observed by Wurmser can hardly be due 
to the presence of phycoerythrm. 

Fig. 4 shows the rate of photos 3 mthesis at 1S°C., plotted against 
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carbon dioxide concentration. Table III gives complete data, and 
the coordinates of the points are in Columns 2 and 10. The highest 
point on the curve may be a little low, because of the poor buffering 
capacity of mixture E, which we discussed in the section on methods. 
The curve is similar to those for Chlorella photosynthesis obtained by 
Warburg (1919, p. 254) and by Emerson and Arnold (1932, p. 409). 
The rate is a linear function of the log of the carbon dioxide con¬ 
centration. 


TABLE HI 

Photosynthesis at Dijfferent COj Concentrations. Detailed Data for Fig. 4 
Area of algal material in each vessel =2.1 cm. * 

Material suspended in artificial sea water with carbonate mixtures described in 
Table I. 

Qo, is the rate of photosynthesis, expressed as volume of 0* evolved per hour 
per cm. ® of material, corrected for respiration. 

Temperature = 15.0°C. 


Carbon- 
ate mix¬ 
ture 

Mols. 

COi 

per 

liter 

X lO* 

Volume 
of gas 
space 

Volume 
of fluid 
includ¬ 
ing 

material 

Vessel 

constant 

«o. 

change of 
pressure 
in 20 min. 
in dark 

respiration 
per hr., “ 
— 

AA, 

change of 
pressure 
in 30 min. 
in light 

*0?. 
oxygen 
produced 
in light 
per hr. » 

2A*Xo. 

Ooi 

+ *'Oa^ 



ce. 

cc. 


tnm. 

wm.® 

mm. 

wm.® 

mm.* 

A 

2.7 

4.13 

7.15 

0.41 

-2.3 

2.8 

33.3 

27.3 

15 

B 

5.8 

4.16 

7.15 

0.41 

-3.2 

3.9 

61.0 

50.0 

25 

C 

9.1 

5.34 

7.15 

0.52 

-2.3 

3.6 

61.0 

63.5 

32 

D 

15.8 

5.08 

8.15 

0.51 

-2.7 

4.1 

82.1 

83.7 

42 

E 

36.0 

5.33 

8.15 

0.53 

-1.7 

2.7 

103.5 

no 

54 


We have investigated the effect of temperature on rate of photo¬ 
synthesis in mixture E at full light intensity, and with the 10 per cent 
filter; and in mixture A at full light intensity. The results are shown 
in Fig. 5, rate being plotted directly against temperature in degrees 
Centigrade. The curve with solid circles is for high intensity and 
high carbon dioxide concentration, the open circles for low carbon 
dioxide concentration and high intensity; and the crosses for low in¬ 
tensity and high carbon dioxide concentration. Table IV gives 
complete data, and the coordinates of the points are in Columns 1 
and 8. 
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We have found that exposure of our material to temperatures 
between 4® and 16° caused no injury, and that within this range all 
temperature effects were reversible. 

Fig. 5 indicates that the mechanism of photos)mthesis in Gigartina 
must be fundamentally like that in Chlorella. A Blackman reaction, 
with a high temperature coefficient, governs the rate at high intensities. 



Fig. 5. Rate of Gigartina photosynthesis plotted against temperature in 
degrees Centigrade. Solid circles are for high intensity and high CO 2 concentra¬ 
tion, open circles for high intensity and low CO 2 concentration, and crosses for 
low intensity and high CO 2 concentration. Photosynthesis is in mm.> O 2 per hour 
per cm. * of material. 

and a photochemical reaction, with a coefficient of about 1 governs the 
rate at low intensities. It seems evident that at low carbon dioxide 
concentrations the rate is determined by a chemical reaction, rather 
than by the diffusion of carbon dioxide, because the value of 4.4 for 
Qio, calculated for the increase in rate from 4° to 8°, is too high to 
represent a diffusion process. Van den Honert (1930), using Hor- 
midium, failed to find a coefficient much higher than 1 at low con¬ 
centrations of carbon dioxide, and interpreted this as showing that 
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the rate of photosynthesis was governed by the diffusion of carbon 
dioxide. From his curves, this appears likely; but we believe that 
they represent limiting conditions outside the cell due to his peculiar 
experimental method. In the case of Gigartim, owing to the thick¬ 
ness of the material it seems probable that the lower coefficient found 

TABLE IV 

Temperature Coefficients under Various Conditions. Detailed Data for Fig. 5 

Light from four 60 watt lamps close together, 8 cm. below vessels. For low 
intensity experiment, vessels were covered with 10 per cent transmission filters. 

Qo, is the rate of photosynthesis, expressed as volume of 0* evolved per hour 
per cm. * of material, corrected for respiration. 


Cunditions of expeiimeiit 

Temper 

alure 

Volume 
of gas 
space 

Volume 
of fluid 
includ¬ 
ing 

material 

Vessel 

constant 

A/t 

change 

of 

pressure 
in 20 
min. 

Volume 
ofO* 
per hr. 
per cm.- 
material 

Respi¬ 
ration 
in dark 
per hr. 
per cm.* 
material 

QOi 


V. 

cc. 

cc. 


mm. 

mm.’ 

mm.’ 

mm.* 

I, High I, high [CO 2 I. 2.1 cm.^ 

4 

5.33 

8.15 


12.4 

9.9 

0.7 

10.6 

material suspended in 

8 

4.13 

7.15 

0.43 

47.2 

29 

1.2 

30 

artificial sea water with 

12 

5.26 

8.15 

0.53 

66.7 

51 

1.6 

53 

carbonate mixture E 

16 

5.33 

8.15 


82.6 

63 

2.1 

65 

TI. High I, low [CO 2 ]. 4.2 

4 

4.93 

8.3 

0.52 

14.5 

5.4 

0.7 

6.1 

cm.2 material suspended in 

8 

4.01 

7.3 

0.42 

32.7 

9.8 

1.2 

11.0 

artificial sea water with 

12 

5.19 

7.3 

0.52 

35.8 

13.3 

1.6 

14.9 

carbonate mixture A 

16 

4.93 

8.3 

0.49 

45.0 

15.8 

2 1 

17.9 

III. Low 1, high [COJ. 4.2 

4 1 

3.98 

7.3 

0.42 

21.0 

6.3 

0.7 

7.0 

cm.2 material suspended in 

8 

4.01 

7.3 


24.9 

7.5 

1.2 

8.7 

ordinary sea water 

12 

3.98 

7.3 


26.4 

7.5 

1.6 

9.1 


16 

6.18 

7.3 


14.8 

6.3 

2.1 

8.4 


at low carbon dioxide concentration, compared to the coefficient for 
high carbon dioxide concentration and high light intensity, is due in 
part to diffusion. 

The effect of temperature on photosynthesis by marine algae has 
been investigated by Kniep (1914), Harder (1915), and Ehrke (1931). 
Kniep suggested that the ability of marine forms to develop success¬ 
fully in the polar seas might depend on a greater fall in respiration 
than in photosynthesis as the temperature drops. Harder is also of 
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this opinion, but his experiments give it meager support. His figures 
show that the value of Qio, for Fucus respiration, is about 1.2 between 
4° and 16°. Over this range, photosynthesis usually shows a Qio 
of 3 to 4, with a marked increase at the lower temperatures. This is 
certainly the case with Gigartina. Qio for photosynthesis is 1.7 from 
12° to 16°, and 13.5 from 4° to 8°. 

Ehrke claims that his curves substantiate Kniep’s view. They show 
various photosynthetic maxima at low temperatures. Sometimes 
there is a declining rate with rising temperature, and another maxi¬ 
mum at a higher temperature. Because of the extreme unlikelihood 
of such temperature functions, we must regard Ehrke’s curves as the 
result of a combination of poor experimental technique and injury 
at higher temperatures, unless they can be substantiated by reliable 
methods. 

We realize that external conditions may be such that somewhat more 
oxygen is produced at low than at high temperatures, because at suf¬ 
ficiently low light intensity photosynthesis practically does not change 
with temperature. This is a perfectly general characteristic, and 
should not be represented as a special adaptation to enable marine 
algae to inhabit the polar seas. It is also far from adequate to explain 
Harder’s statement that the oxygen production of Fucus increases 
more than twenty times as the temperature falls from 17° to 0°, es¬ 
pecially in view of Harder’s own respiration measurements on Fmus, 
which show, as mentioned above, a ^lo of only 1.2 between 4° and 16°. 

To compare the effect of temperature on Gigartina photosynthesis 
quantitatively with similar measurements for other forms, we have 
plotted our results according to the Arrhenius equation. We do this 
only to bring out similarities and differences which are otherwise not 
obvious, and we do not wish to imply anything concerning the mech¬ 
anism of the temperature effect. 

For our purposes the Arrhenius equation may be written: 

Rt R V,r. Tt) 

where R\ and JRj are rates of reaction at absolute temperatures Ti 
and Ti,R\& the gas constant, e the base of natural logarithms, and ii 
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a constant whose value expresses the effect of temperature on the reac¬ 
tion. The work of Crozier and his collaborators has shown that n 
is rarely constant for biological processes over their entire tempera¬ 
ture range, but may be nearly constant for short intervals (see Cro- 



Fig. 6. Natural log of the rate of photosynthesis plotted against the reciprocal 
of the absolute temperature. Solid circles are for C. vulgaris, open for C. pyre- 
noidosa, triangles for Gigartina, and crosses for Ilortnidium. All measurements 
represent high intensity and carbon dioxide concentration. 

zier, 1926). In the equation, n usually represents heat of activation 
of reacting molecules, and is therefore expressed in calories. For 
biological processes this may be of little significance because we know 
so little about the reactants involved, but since it may some day be 
possible to attach theoretical significance to n we have quoted it in 
the units used by Crozier and others in biological work. In Fig. 6, 
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where the natural log of the rate of photosynthesis is plotted against 
the reciprocal of the absolute temperature, n represents the slope of 
the curves. 

The solid and open circles are for CMorella vulgaris and C. pyrenoi- 
dosa respectively. The triangles are for our measurements with 
Gigartina, and the crosses are calculated from van der Paauw’s curve 
for Hormidium (1932, p. 558). The relative positions of the curves 

TABLE v 

Temperature Characteristics of Photosynthesis for Various Algae. Data for Fig. 6 
R is the rate of photosynthesis in arbitrary units, m is the temperature char¬ 
acteristic or thermal increment defined by the equation 

where T is the absolute temperature. Only maximum and minimum values of ft 
are recorded. 


Temper¬ 

ature 

X 10* 

Gigartina 

harveyana 

Chlorella 

vulgaris 

CUoreUa 

Pyrenoidasa 

Hortni'lium , 
flaccidum 

log,/? 

M 

log,/? 


log,/? 


log,/? 


• c . 

1 

3650 




54000 

0.27 

18000 



4 

3610 

1.31 






0.19 

23000 

6 

3584 



1.66 


0.86 




8 

3559 

2.35 






ifii 


12 

3509 

2.92 


2.58 


1.55 


HI 


16 

3460 

3.12 






lis 


17 

3448 



2.88 


1.91 




20 

3413 







1.80 


22 

3390 



3.17 


2.29 




24 

3367 







mm 


28 

3322 



3.75 

11000 

2.66 

12000 


12000 


are arbitrary, and do not indicate relative rates of photosynthesis for 
the several organisms. Table V shows the rates of photosynthesis 
at the various temperatures, and the logarithms of the rates, adjusted 
to bring the curves to convenient relative positions in the figure. 
The maximum and minimum values of ft for each curve are also 
tabulated. 

The minimum values of n are roughly the same for all four species of 
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algae, but the Gigartina and C. vulgaris show a great mcrease in at the 
lower temperature, which is not shown by Hormidium and C. pyrenoi- 
dosa. If the data for Gigartina at low carbon dioxide concentration 
(open circles. Fig. 5) are plotted in this way, a curve nearly like those 
for C. pyrenoidosa and Hormidium is obtained. At present we can 
give no theoretical explanation for this, though it may be partly due 
to diffusion, as mentioned above. Crozier and Stier (1926) discuss 
other cases where the value of \i can be altered experimentally. 

TABLE VI 

Inhibition of Photosynthesis in Gigartina by Cyanide and by Phenyl Urethane 

Cyanide experiment: 2.1 cm.^ algal material suspended in artificial sea water 
with carbonate mixture E. At the pH of this mixture the cyanide is practically 
all in the form of HCN at equilibrium. 

Phenyl urethane experiment: 4.2 cm.* algal material suspended in ordinary sea 
water saturated with 5 per cent CO 2 in air. 

Temperature « IS^C. 


Inhibitor 

Concentration 
of inhibitor 

Rate of 
photosynthesis 

Inhibition 

Rate after 
washing 

Recovery 




ptf cent 


per cent 

KCN 

0 

33 


28 



2 

molar 

17 

49 

26 

86 


20000 





Phenyl urethane 

0 

0.0075 per 

37 

14 

62 

41 

100 


cent 






We have found photosynthesis in Gigartina to be highly sensitive 
to traces of prussic acid and phenyl urethane. Removal of the ure¬ 
thane by washing results in complete reversal of the inhibition. In 
the case of cyanide, reversibility was not quite complete, even after 
short exposures to extremely low concentrations, and prolonged wash¬ 
ing. Possibly the cyanide causes secondary injuries to the material. 
The inhibited photosynthesis in cyanide does not stay constant, but 
falls steadily, so our figures for percentage inhibition are arbitrary, 
being taken as soon as possible after introducing the cyanide. The 
results of our experiments on inhibition by cyanide and urethane are 
summarized in Table VI. Extreme sensitivity to cyanide and nar- 
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cotics is a common characteristic of photosynthesis in green plants 
{cf. Spoehr, 1926, p. 171). 

Two determinations of the photosynthetic quotient were made in 
artificial sea water saturated with 5 per cent carbon dioxide in air. 
Figures for these experiments are given in Table VII. The quotient 
obtained is close to unity, as might have been expected. Kniep’s 
values for red algae also run close to unity, about —0.98. In neither 

TABLE VII 

Photosynlhetic Quotient of Gigartina in Incandescent and in Mercury Light 

The photosynthetic quotient, y, is calculated by the formula 
_ ^co« -^co» H Kq, - k kp, 

^ ^o«'*o« h-kco, - B-KcCh 

where the capital letters refer to the vessel with the larger fluid volume, the small 
letters to the other vessel. In each vessel, 4.2 cm. * material suspended in artificial 
sea water without carbonates, saturated with 5 per cent CO 2 in air. 

Incandescent light from a row of 60 watt lamps 8 cm. below vessels. Mercury 
light from an intense hot cathode mercury glow discharge tube close to vessels. 

Temperature = 15®C. 



Average 7 . —0.99 


case is the difference from unity significant, considering the accuracy 
of the methods used. Other determinations of the photosynthetic 
quotient of Gigartim were made in ordinary sea water saturated with 
5 per cent carbon dioxide. These also gave values close to unity. 

A few measurements of photosynthesis were made in different colors 
of light, in the hope of demonstrating whether or not phycoerythrin 
can act photosynthetically. The work was not completed because of 
lack of time, and we plan to make a more thorough investigation of 
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the question later. For this reason we do not wish to give a detailed 
discussion at present. It may be worth while, however, to indicate 
what bearing our results have on the widely held opinion that red algae 
are enabled by their phycoerythrin content to utilize the shorter wave¬ 
lengths of light, and consequently to inhabit greater depths than other 
forms. 



Fig. 7. Rough comparison of intensity curves for Gigartina and Viva. Inten¬ 
sities and rates of photosynthesis are in arbitrary units. Open circles are for 
Gigartina, solid circles for Ulva. The highest rate of photosynthesis has been set 
at 100 in each case. Temperature = 15®C. 

A number of investigators have compared the rates of photosynthe¬ 
sis by red and green algae in red and blue or green light, and found 
that the red algae do relatively better in the shorter wave-lengths than 
the green algae. We have been able to confirm this for Gigartina and 
Ulva. But von Richter (1912) has already pointed out that in certain 
cases at least, the results on changing from red to blue or green light 
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can be duplicated by using a single color of light and changing from a 
higher to a lower intensity. Oltmanns (1892) reported that intensity 
was of greater importance than color, in obtaining satisfactory labora¬ 
tory cultures of marine algae. 

Von Richter’s results suggest that photos 5 aithesis in the red algae 
may generally be light-saturated at a lower intensity than in green 
algae. Fig. 7 shows that for Gigartim and Ulva this is certainly the 
case. Photos 3 aithesis was measured at three intensities of white 
light for the two forms. The maximum photos)Tithesis in each case 
was set at 100. The Ulva responded to a fall of 75 per cent in light 
intensity by a fall of 55 per cent in photos 3 mthesis, while the Gigartim, 

TABLE VIII 

Comparison of Rates of Photosynthesis in Gigartina and Other Organisms 
Rates are expressed as mg. of CO 2 consumed in 5 hours per hundred square 
centimeters of material. The figure for Gigartina is from our data, and all other 
figures are from Kniep (1914). 


Material 

Temperature 

Rate of 
photosynthesis 

Gigartina Harvey ana . 


68.0 

Padina pavonia . 


13.74 

Ulva lactuca . 


6.56 

Porphyra laciniata . 

22.7 

8.98 

Helianthus annuus . 

20.7 

109.0 



for the same fall in intensity, showed only a 33 per cent drop in pho¬ 
tosynthesis. 

Differences in the light intensity curves may therefore account for 
the results of Engelmann (1883), Harder (1923), Montfort (1930), and 
Ehrke (1932), which appear to have been erroneously interpreted 
as showing that the red algae could use green and blue light better 
than the green algae. This interpretation may be correct, but at 
present there seems to be no conclusive evidence for it. 

We also submit a comparison of the absolute value of photosynthe¬ 
sis in Gigartim with figures for other marine forms, and for leaves of 
Eelianthus, in Table VIII. Kniep (1914) has collected and tabulated 
a number of measurements, expressed in milligrams of carbon dioxide 
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reduced per 100 cm*, of material in S hours. Expressed in the same 
imits, the rate of photosynthesis of a typical piece of our Gigartina 
compares favorably with the figure for Helianthus, especially consider¬ 
ing the temperatures at which the two measurements were made. 
Helianthus is the most active of the land plants listed by Kniep. He 
represents the marine algae in general as having a much lower rate of 
photosynthesis than terrestrial plants. His finding supports our con¬ 
tention that the metabolism of marine algae has usually been studied 
under rather unfavorable conditions. 

SUMMARY 

A manometric method for measuring photosynthesis in marine 
algae is described. 

Photosynthesis in the red alga Gigartina harveyana is shown to be 
similar in all important respects to photosynthesis in Chlorella and 
other Chlorophyceae. 

We take this opportunity to express our thanks to members of the 
staff of the Hopkins Marine Station, especially Dr. Walter K. Fisher 
and Dr. C. B. van Niel, whose hospitality and cooperation made this 
work possible. 
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SEARCH FOR MITOGENETIC RADIATION BY MEANS OF 
THE PHOTOELECTRIC METHOD* 

By EGON LORENZ 

(From tlie Office of Cancer Investigations, U. S. Public Health Service, Harvard 

Medical School, Boston) 

(Accepted for publication, February 17, 1934) 

According to Gurwitsch’s^ theory, based upon investigations of the 
distribution of mitoses in growing organisms, an oscillatory phe¬ 
nomenon of unknown nature must be effective in producing mitoses. 
This leads to the further assumption that the dividing process itself 
is accompanied by the emission of such radiation and, further, 
part of this radiation must be emitted from the biological object. 
His fundamental experiment is said to prove this theory: the tips of 
onion roots are placed opposite each other at a small distance (approxi¬ 
mately 1 mm.). One root serves as inductor, the other as detector. 
It was found that the number of mitoses in the side nearest to the 
inductor had increased in comparison to the side furthest from it. 

Numerous experiments were undertaken by Gurwitsch and others* 
to prove the radiation character of this agent. Reflection and re¬ 
fraction experiments were devised to prove this. Absorption and 
spectroscopic experiments indicated that this radiation consisted of 
ultraviolet rays. While Gurwitsch and his school concluded from 
their experiments that the spectral region of the mitogenetic radiation 
lies between 1800 and 2500 A, Reiter and Gdbor* found two mito¬ 
genetic maxima at 3400 and 2800 A, the presence of which is 
strongly denied by Gurwitsch. 

* A preliminary note on this subject was published in the Pub. Health Rep., U. 
S. P. H. S., 1933,48,1311. 

* Gurwitsch, A., Arch, mikr. Anat. u. Entivcklngsmechn., 1923,100, 11. 

* Bibliographies are to be found in: Reiter, T., and G4bor, D., Zellteilung und 
Strahlung, Sonderheft der wissensch. Verdffentlichungen aus dem Siemens-Konzern, 
Berlin, Julius Springer, 1928, and Gurwitsch, A., Die mitogenetische Strahlung, 
Berlin, Julius Springer, 1932, 376. 
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The energy necessary for the production of such high frequency 
radiation is of chemical origin, as Gurwitsch assmnes and tries to 
prove experimentally, and consists in reactions of the type of oxida¬ 
tion or proteolysis or glycolysis. 

While the majority of the very numerous publications on mitoge¬ 
netic radiation dealing with the biological side of the problem supports 
Gurwitsch’s findings, a few* emphatically deny the effect and criti¬ 
cize his experimental methods. The problem has been attacked from 
the physical side also. Thus, two investigators, Rajewsky* and 
Frank and Rodionow* report physical proof for the existence of this 
radiation, while others, Schreiber and Friedrich® and Locher,'' with 
similar experimental arrangements, could not detect any trace of it 
at all. 

The use of yeast as biological detector for mitogenetic radiation is 
generally accepted at present and the increase in the number of 
budding cells in comparison with a control is said to give the order of 
magnitude of the effect. For physical detector, use is made of the 
photoelectric effect, either by employing the photographic plate or a 
device that works on the principle of the photoelectric cell. 

It is the purpose of this paper to show that after careful exclusion 
of all possible sources of error the physical experiment does not give any 
proof for the existence of a mitogenetic radiation. 

Theoretical Considerations 

Assiraiing that mitogenetic radiation exists, it is possible, from 
theoretical considerations, to make a rough estimate of the minimum 
intensity of the mitogenetic radiation which can conceivably be 
detected. Having this intensity, it is possible to make an estimate of 
the sensitivity of the biological and physical methods used for the 
detection of the mitogenetic rays. 

* Taylor, G. W., and Harvey, E. N., Biol. Bull. Marine Biol. Lab., 1931, 61, 
280. Richards, 0. W., and Taylor, G. W., Biol. Bull. Marine Biol. Lab., 1932,61, 
113. 

® Rajewsky, B., in Dessauer, F., Zehn Jahre Forschung auf dem physikalisch- 
medizinischen Grenzgebiet, Georg Thieme, Leipsic, 1931, 244. 

* Frank, A. S., and Rodionow, G., Naturwissenschaflen, 1931,2,659. 

* Schreiber, J., and Friedrich, W., Biochem. Z., Berlin, 1930,227, 336. 

Locher, G. L., Phy$. Rev., 1932,42, 540. 
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As the intensity of the mitogenetic radiation is extremely small, 
it will simplify the matter to consider the emission and absorption of 
the mitogenetic radiation from the point of view of the quantxim 
theory. According to this theory the emission and absorption of 
radiation is a discontinuous phenomenon and, further, there exists 
an “atom of radiation” called quantum, the magnitude of which is 
given hy h X V, where A is a constant and v the frequency of the 
radiation as measured; e.g., with a spectrometer in this way linking 
the wave theory of light with the quantum theory. Now, the emis¬ 
sion from a mitogenetic inductor consists of ultraviolet light “quanta,” 
emitted discontinuously; these quanta fall upon the biological or 
physical detector where they are absorbed. In the biological ma¬ 
terial, the absorption of a single quantum or of an integral number of 
quanta by a single cell is said to produce a mitosis; in the photographic 
plate a photochemical reaction will take place and in the photoelectric 
device the emission of a photoelectron will be the result of the ab¬ 
sorption if, for the present, we do not consider the efficiency of these 
processes. 

These circumstances make an estimate both of the intensity of the 
mitogenetic radiation and of the sensitivity of the methods possible. 
Beginning with the biological method: yeast is usually taken as 
detector. The diameter of a yeast cell is approximately 6 microns. 
In a yeast agar culture in which the cells lie packed closely together, 
we obtain approximately 30,000 cells per mm.^ for the top layer of 
cells (we need only to consider the top layer as ultraviolet radiation 
of a wave length of 1800 to 2500 A (this being the wave length of 
the mitogenetic radiation according to Gurwitsch) will not reach 
beyond this layer). The number of budding cells in yeast used as 
control is, according to Gurwitsch, about 10 per cent of the total 
number; i.e., in this case 3000 per mm.® Half an hour’s exposure to a 
mitogenetic inductor placed in close proximity to the culture may 
give an increase in the number of budding cells of 50 per cent in the 
exposed area, as compared with the control. If we assume that each 
radiation quantum falling upon the culture is absorbed and furnishes 
the stimulus for the division of one cell, we have in our example 1500 
quanta per mm.® per 30 minuses or approximately 80 quanta per cm.® 
per second as the intensity of the radiation coming from the inductor. 
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However, not all quanta falling upon the yeast will be absorbed; 
some will be reflected or scattered; not all of those absorbed will give 
the stimulus for a cell division since, according to their random distri¬ 
bution, some cells may absorb several quanta or a quantum may be 
absorbed by a cell already in the budding state. If an efficiency of 
1/10 for this process (and this fraction is probably still too high) is 
assumed, as a lower limit for the intensity of the mitogenetic radia¬ 
tion an intensity of about 1000 quanta per cm.* per second is obtained. 
Here the possible influence of secondary mitogenetic radiation within 
the irradiated medium has not been taken into account. This must 
be negligible, according to the data available for yeast agar cultures.* 
Frank and Rodionow* estimate the intensity of the mitogenetic 
radiation to be from 100 to 1000 quanta per cm.* per second. 

If this value of KXK) quanta per cm.* per second is taken as the 
probable intensity of the mitogenetic radiation, this radiation, accord¬ 
ing to the above example, will produce in 1 mm.* of a closely packed 
yeast culture (30,000 cells with 3000 budding cells) an increase of ISOO 
budding cells within 30 minutes. So great a number of cells cannot 
be counted in a single experiment. Perhaps 1/10 of this number can be 
counted. This would mean, out of 3000 counted cells of the example, 
300 budding cells in the control and 150 additional budding cells in 
the irradiated sample would be counted. It is doubtful whether 
such a finding has any meaning at all, as long as little is known about 
the natural fluctuations of budding cells within a yeast culture. A 
positive result of a mitogenetic experiment would be obtained only if 
the number of budding cells in the experiment were to exceed the 
number of budding cells in the control by at least three times the 
mean error obtained by a series of coimts of budding cells in a normal 
yeast culture. Due to the limitations of the subjective method of 
counting, one cannot increase the sensitivity of the biological method 
by coimting a larger number of cells. This could be done only by the 
use of an objective method. Gurwitsch*® describes two such methods, 

* Potozky, A., Biot. Zentr., 1930,80, 712. 

*Gurwitsch, A., Die mitogenetische Strahlung, Berlin, Julius Springer, 
1932,47. 

*® Gurwitsch, A., Die mitogenetische Strahlung, Berlin, Julius Springer, 1932, 
16-18. 
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a nephelometric and mycetocritic one. The data given, however, are 
insufficient to permit an estimate as to sensitivity and errors. 

In order to make a comparison between the biological and physical 
methods as to sensitivity, let us assume that the above example 
gives a reliable positive result for an intensity of mitogenetic radia¬ 
tion of 1000 quanta per cm.* per second acting during 30 minutes. 
This interval was arbitrarily chosen as being sufficient to register 
any positive effect and yet insure the activity of the specimen during 
the period of observation. 

We proceed now to a discussion of the physical methods and their 
sensitivity. 

The simpler of the two methods is the one employing the photo¬ 
graphic plate. A just perceptible blackening of a sensitive photo¬ 
graphic emulsion is produced by a light energy of 2 X 10* quanta per 
cm.*- “ As the intensity of the mitogenetic radiation was assumed 
to be 1000 quanta per cm.* per second, 2 X 10* quanta would be ob¬ 
tained in a time of irradiation of 2 X10® seconds = 55 hours. A time of 
exposure of a photographic plate to mitogenetic radiation of 100 hours 
should produce an easily perceptible blackening of a photographic 
plate. 

The sensitivity of a photoelectric cell arrangement can be deter¬ 
mined as follows. A cell of medium sensitivity will have an effi¬ 
ciency^* of approximately 1/1000 for the wave length at its maximum 
sensitivity; i.e., for 1000 impinging light quanta, 1 photoelectron will 
be liberated. With a photoelectric cell of the customary type con¬ 
nected into circuit with a battery and an electrometer or galvanom¬ 
eter, the measurement of currents of the order of magnitude of a 
few electrons per second is extremely difficult. Such a measurement, 
however, is made comparatively simple by combining the principle 
of the photoelectric cell with a so called Geiger counter tube. Such a 
counter tube consists of a fine wire axial in a metallic cylinder under a 
gas pressure of about 5 cm. of Hg. By applying a negative potential 
of approximately 1500 volts to a metallic cylinder and groimding the 
wire over a high resistance of the order of magnitude of 10* ohms^ 

“ Geiger, H., Handbuch der Physik, Berlin, Julius Springer, 1926,23, 628. 

**Wien, W., and Harms, F., Handbuch der Experimentalphysik, Leipsic, 
Akademische Verlagsgesellsc^ft, 1928, 23 (2), 1205, Table 17. 
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an electron, liberated from the walls of the tube by any kind of radia¬ 
tion, will travel toward the wire, producing on its path an ionic cloud 
by impact, resulting in a relatively strong current impulse through the 
high resistance to ground. This current impulse can be recorded 
by a string electrometer or by a suitable amplifier with mechanical 
recorder, as will be shown later. To make such a counter sensitive to 
light, the walls of the tube must be made of a photoelectric metal and 
a window provided for the impinging light. This method was first 
used in testing for mitogenetic radiation by Rajewsky^; the other 
authors previously mentioned used arrangements of a similar kind. 

Taking the photoelectric efficiency as 1/1000 and assuming a 30 
minute exposure to a radiation intensity of 1000 quanta per cm.* 
per second we obtain for a window of 1 cm.* a liberation of 1800 
photoelectrons in such a tube. 

Although the efficiency of the photoelectric process is much smaller 
than that of the biological process in the detector, the sensitivity of 
the photoelectric method is much higher, due to the fact that in the 
biological counting method use can be made of an irradiated area of a 
fraction of a millimeter only, while in the physical method detecting 
areas of 1 cm.* or even more can be employed. As will be later de¬ 
scribed, counter tubes with a window area of 6 to 7 cm.* were used 
which would increase the number of photoelectrons of the above 
calculations by a factor of 6 or 7. 

To sum up; For an assumed intensity of the mitogenetic radiation of 
1000 quanta per cm.* per second,—a probable value for the intensity 
established by the experimental data given above—the biological 
method, consisting in counting yeast cells, produces a perceptible 
effect in the detector, the photographic method should give a per¬ 
ceptible blackening of a photographic plate, and the photoelectric 
method should yield an effect far above the sensitivity threshold of 
that method. 


EXPERIMENTS 

After considering and discussing the different methods, the phys¬ 
ical experiments—^photographic as well as photoelectric—which 
were imdertaken to study the problem of the existence of mitogenetic 
radiation will now be described. 
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The photographic experiments were carried out in the following way: Three 
light-tight boxes 22 X IS X 22 cm. were prepared with a sliding lid in front, to 
the bottom of which metal plate holders were fastened. The metal lid of these 
plate holders had an opening of 4 X 5 cm. This opening was lined with velvet. 
Quartz plates 6X8 cm. in size, 0.5 mm. thick, selected as to transparency, were 
placed upon the velvet, thus effectively sealing the photographic plate against any 
possible chemical influence by volatile substances from the onions or onion-base 
pulp used in the experiments. To the center of the quartz plate a cylinder of 
pyrex glass was sealed with de Khotinsky cement; the cylinder was 25 mm. in 
diameter and 2 cm. high in the experiments with onion pulp and 5 cm. high in the 
experiments with onion roots. The transparency of the quartz was tested spectro¬ 
scopically down to a wave length of 1800 A. The loss of intensity for this wave 
length was not higher than 20 per cent. As the distance of the onion-base pulp 
or onion roots from the photographic emulsion was not greater than 1 to 2 mm., 
practically all radiation emitted by the biological material into the lower hemi¬ 
sphere was necessarily absorbed by the photographic emulsion. As photographic 
material, Eastman Speedway plates were chosen; in some of the experiments these 
plates were sensitized by a thin coating of mineral oil (Nujol) to overcome the 
possible objection that the sensitivity of the photographic plate decreases con¬ 
siderably for short ultraviolet on account of absorption by the gelatine of the 
emulsion. Onion-base pulp was prepared from selected ordinary onions sprouting 
vigorously. The pulp was changed every 2 hours. In the case of the experiments 
with onion roots, vigorously sprouting onions were chosen with sprouts of a few 
centimeters in length and placed on top of the glass cylinder partly filled with a 0.1 
per cent solution of KCl. Care was taken that a great number of root tips (about 
10 to 20) touched the quartz plate. These onions were inspected every day and 
replaced every 2nd day. All operations of changing onion-base pulp or onions were 
carried out in complete darkness; a special device was provided insuring that the 
biological material was always set at the same place. 

Every box was provided with an opening on top and bottom, carrying a rubber 
hose through which air was gently sucked by means of an aspirator. 

All plates were developed in a hydrochinone solution of twice the normal 
strength; the sensitizing oil being removed in an ether bath before the develop¬ 
ing process. Hydrochinone was chosen as it gives very strong contrasts. 

Tabic I gives the experimental data of the photographic 
experiments. 

All these plates showed a rather strong fogging which, however, 
was identical with that of a control plate taken from the package and 
developed with the same developer for 4 minutes. This fogging was 
due to the strong concentration of the developer used. In spite of the 
fog, any slight difference in density could have been detected. Not 
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the slightest difference in density could be found in any of the six 
plates which could be attributed to an effect from radiation coming 
from the onion pulp or roots. 

There are three possible objections to the photographic method. 
The first one is the uncertainty as to whether all the biological ma¬ 
terial used in the experiments with onion-base pulp was equally active 
and whether it remained active during the total time of 2 hours for 
which time every single preparation was used. However, there is 
little doubt that the onion tips used for Experiments 2 and 4 were 
active. 


TABLE I 


No, 

Biological material 

Total 
time of 
exposure 

Photographic material 

Time of 
develop¬ 
ment 

Remarks 

1 

Onion-base pulp 

krs. 

106 

Eastman Speedway 

min. 

7 

Onions grown in dark 

2 

Tips of onion roots 

120 

sensitized 

if if 

4 

Onions grown in day¬ 

3 

Onion-base pulp 

106 

if if 

7 

light 

if if 

4 

Tips of onion roots 

168 

if if 

8 

if it 

5* 

Onion-base pulp 

184 

Eastman Speedway 

3-4 

a it 

b* 

if i< 

184 

unsensitized 

if ii 

3-4 

Onions grown in dark 


* I am very much indebted to Dr. C. H. Binford for carrying out these two 
experiments. 


The second possible objection is that the intensity of the mitogenetic 
radiation in reality is weaker than the estimate previously given. 
That this is improbable has already been pointed out. However, 
if it were actually only J of the assumed value, it should nevertheless 
have been detected in the case of the onion root experiments by the 
photographic method. 

Finally, the exponent in Schwarzschild’s law (s — i X /*’, where s = 
density, i = intensity, and i = time of exposure) which lies between 
0.9 and 1.1 for different photographic emulsions may have been 
much smaller than 1 for the photographic emulsion used in these 
experiments. There is nothing known about the value of this ex- 
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ponent for short ultraviolet; however, it is probable because of several 
considerations that it differs but little from 1. Assuming a value of 
0.9 for the exponent, the effective time of an experiment lasting say 
160 hours would be reduced to 160® ® = 96 hours, an interval which 
still should be sufficient to produce a perceptible blackening. 

Because of negative results, further photographic experiments were 
abandoned, especially as the photoelectric method permits an experi¬ 
mental arrangement the sensitivity of which is such that it can detect 
radiation intensities far below the estimated intensity of the mitoge¬ 
netic radiation. Although by themselves the results of the photo¬ 
graphic experiments are not conclusive, they serve to corroborate the 
more clear-cut results obtained with the photoelectric method. 

The principle of the photoelectric counter tube has already been explained. 
After testing different kinds of counter tubes, a tube consisting entirely of quartz 
was finally adopted. For counter tubes used in cosmic ray work, for instance, any 
metal tube with ends sealed by means of rubber stoppers and cement will do, as 
the sensitivity of the tube is independent of the surface properties of the metal and 
of the filling gas. However, in tubes to be used either for ultraviolet or visible 
radiation work, great care has to be taken that the surface conditions of the photo¬ 
electric metal remain unaltered, as time goes on, by chemical changes such as 
oxidation. Otherwise, considerable changes in sensitivity will occur. For this 
reason, the counter tubes used in this work consisted of thin walled quartz tubes 
(wall thickness approximately 1 mm., length 10 cm., diameter 2 cm.) of high 
transparency for ultraviolet light. The transparency of the tubes was tested with 
a quartz spectrograph and it was found that absorption in the quartz was negligi¬ 
ble down to 2200 A, the limit of the spectrograph. An area of 6 to 7 cm.^ was 
flattened out to serve as window. The wire of the tube consisted of tantalum, 0.02 
cm. diameter, and was connected to two thick copper wires held in place by 2 
quartz capillaries at the end of the tubes. These copper leads were sealed vacuum 
tight into the capillaries by silver chloride cement. Three side tubes were pro¬ 
vided, one for exhausting purposes, one for distilling in the metal, and a third for 
carrying a wire cemented in by silver chloride and making contact with the photo¬ 
electric layer. The tube was exhausted by a mercury diffusion pump with liquid 
air trap for 8 to 10 hours, heated several times with a blow torch to yellow heat; 
the wire was degassed for 3 hours by heating it with a battery. Spectroscopically 
pure cadmium was then distilled into the tube, the wire and window were heated 
to remove any cadmium deposit, and pure argon was filled in to a pressure of 4 to 
6 cm. of Hg. Counter tubes prepared this way do not show any change in sensi¬ 
tivity with time. 

Although cadmium is not a very sensitive photoelectric metal, it was neverthe¬ 
less chosen, because its sensitivity increases rapidly for wave lengths shorter than 
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3100 A, where, according to Gurwitsch, the mitogenetic spectrum lies. A 
further advantage is that visible stray light of longer wave lengths will not affect 
the counter tube, since the threshold sensitivity of a cadmium counter tube was 
found to lie between 3400 and 3500 A. Moreover, shielding for very small 
amounts of stray visible light would have been very difficult inasmuch as the work 
could not be carried out in complete darkness. Counter tubes with zinc as photo¬ 
electric metal were also made. They were similar to the cadmium tubes, both in 
sensitivity and threshold wave length. The counter tubes were connected into 
circuit both with an amplifier operating a mechanical counter, and with a string 
electrometer provided with a photographic recorder. Fig. 1 gives the experimen¬ 
tal arrangements. 

The negative pole of a dry cell battery'® of 1500 volts with means for changing 
the tube potential in steps of 1.5 volts and a voltmeter consisting of a microam¬ 
meter in series with twenty resistors of 10® ohms each was connected to the cad¬ 
mium deposit. The axial wire grounded over a resistance of 2 X 10® ohms'^ was 
connected to the fiber of a string electrometer in which the potential difference of 
the plates was 100 volts. In this connection it may be stated that the deflection 
of the string is approximately proportional to the voltage. Coupling to the 
amplifier was effected by means of a variable condenser. The amplifier had two 
resistance-condenser coupled stages. The tube of the last stage was a thyratron, 
the plate current of which, limited by means of a resistance to 80 milliamperes, was 
large enough to operate a mechanical counter of the type used for counting tele¬ 
phone messages. The movable arm of this counter carried a small pin, breaking a 
contact switch in the thyratron circuit at the highest position of the arm. This 
arrangement is necessary since the grid of the thyratron becomes ineffective the 
moment it has “triggered” the gaseous discharge between cathode and anode. 

The photographic recording device used for recording the movements of the 
string of the electrometer and studying the character of the discharge consisted of 
an electric motor driving a photographic recording paper through a train of gears 
having a variable ratio so as to obtain different recording speeds. Most of the 
experiments with biological material as a radiator were counted with the mechani¬ 
cal counter as well as photographically recorded. The number of counts obtained 
by the two methods were identical within a few tenths of 1 per cent. 

Since the counter tubes just described are sensitive not only to ultraviolet radia¬ 
tion but also to radiation coming from radioactive substances in the ground, air, 
and walls of the building, as well as to cosmic radiation, every counter tube will 
give a residual effect; t.e., the apparatus will record a certain number of counts per 
minute due to the electrons liberated by these radiations, the number of which 
depends, other things being equal, upon the cross-sectional area of the tube and its 
sensitivity. In every experiment with another source of radiation, this back- 


Burgess P. L. batteries. 

Manufactured by the S. S. White Dental Co., New York. 



EGON LORENZ 






854 


MITOGENETIC RADIATION 


ground radiation has to be taken into account and its relative intensity can only 
be found from the difference between the number of counts produced by the 
source plus the background radiation and the number of counts of the background 
radiation within the same interval of time. As the time during which a biological 
object acting as a radiator remains alive is relatively short, it can readily be seen 
that a strong background radiation can mask the effect of a weak additional radia¬ 
tion, On account of its random distribution it renders the number of counts 
produced by it in a given time subject to the statistical error, the magnitude of 
which is given by the square root of the total number of counts. Therefore, 
the trustworthiness of a measurement of the intensity of an additional weak radia¬ 
tion depends upon the magnitude of this additional effect. This will be discussed 
later. Consequently, it is necessary to cut down as much as possible the effect 
of the background radiation without, at the same time, impairing the sensitivity 
of the counter tube. For this reason the counter tube was enclosed in a lead box 
with walls of sufficient thickness to surround this tube on all sides with 10 cm. of 
lead. This lead was, of course, selected as to its freedom from radioactive sub¬ 
stances. Although a lead shield 10 cm. thick cuts out only the softer components 
of the background radiation, nevertheless the shield effected a reduction of approxi¬ 
mately SO per cent in the number of counts from this source. 

Experiments with biological material as a possible source of radiation were 
carried out for the most part as follows: First the effect of the background radia¬ 
tion was measured by counting the number of counts during a certain time, usually 
30 minutes. Then the biological object was placed upon the window; usually a 
few drops of tap water or distilled water or potassium nitrate solution or an inor¬ 
ganic serum solution'® were added to prevent drying out as an air current had to be 
passed through the lead box to prevent the formation of a water film on the quartz 
of the counter tube which would have acted as a short circuit to ground. Several 
tests were made of the biological material used in these experiments as to viability 
before and after the 30 minutes of the experiments. In all the tests the tissue was 
viable after the experiments.'® Finally the test for the background radiation was 
repeated after removing the biological material. 

The number of counts produced by the counter tubes was, on an average, 
approximately 20 per minute; i.e.^ in half an hour about 600 counts were recorded. 
As already stated, this number is subject to a statistical error « V600 = ±24.5 
counts. The number of counts obtained from another source of radiation added 
to the number of counts of the background radiation is likewise subject to a statis¬ 
tical error. To obtain an estimate of the weakest possible intensity of a source of 
radiation that we still can measure without involving a statistical error large 
enough to invalidate the result, we shall arbitrarily assume that in the presence of 
a radiator, an increase in the number of counts which is twice the statistical error 
of the number of counts produced by the background radiation in the same time 


'® Shear, M. J., and Fogg, L. C., Pub. Health Rep., U. S. P. H. 5., 1934,49,229. 
I am very much indebted to Dr. L. C, Fogg who carried out these tests. 
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is an indication of the presence of additional radiation and we shall call this the 
‘‘minimum effect.’’ Even then only a series of observations, all of which show an 
effect of the same order of magnitude, will furnish definite proof of the existence 
of an additional effect. 600 counts per 30 minutes were, on an average, observed 
as the effect of the background radiation; twice the statistical error is 49 counts. 
The minimum effect would be observed if the background radiation and the addi¬ 
tional radiation together produce 649 counts per 30 mi nutes. The statistical 
error of the difference of 49 counts would be VbOO + 649 = 35.6 counts = ±72 
per cent. 

These considerations show the importance of cutting down the background 
radiation and of extending the time of duration of an experiment as both factors 
will increase the sensitivity of the arrangement. 

From the minimum effect of approximately 50 additional counts in 30 minutes; 
it is possible to calculate the theoretical number of light quanta which one should 


Ihermoptle 



be able to detect. 50 counts in 30 minutes correspond to 0.03 counts per second. 
The photoelectric efficiency being of the order of magnitude of 1:1000,0.03 counts 
per second will be produced by 30 quanta per second that have passed through 
the window. , The area of the window being approximately 6 cm.^, a theoretical 
number of 5 light quanta per cm.^ per second is obtained, which should be detected 
in a series of experiments. This is far below the theoretical minimum intensity of 
the mitogenetic radiation. 

The experimental calibration of the counter tubes was carried out with an 
arrangement shown in Fig. 2. The monochromator used was manufactured by 
Bausch & Lomb; according to the manufacturer, the amount of stray radiation 
reaching the exit slit being of the order of magnitude of a few tenths of 1 per cent 
for a slit width of 0.05 mm. As sources of light a d.c. mercury arc lamp, an a.c. 
mercury arc lamp, and an a.c, cadmium arc lamp were used. The final measure¬ 
ments were carried out with the d.c. mercury arc lamp. A small slit of Iz X 8 mm. 
was placed directly in front of the arc lamp to obtain as source of light an area of 
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the same luminous intensity per unit area. An image of this slit was thrown upon 
the entrance slit of the monochromator by the two condenser lenses. A vessel 
with an absorbing material of known density could be placed between these two 
lenses to decrease the intensity. Directly behind the exit slit a vacuum Coblentz 
thermopile was placed, mounted in a carrier which could be moved up and down 
so that the thermopile or the counter tube could alternately be exposed. The 
diverging beam emerging from the exit slit was of almost uniform intensity and 
well defined cross-section. The counter tube was placed at such distance that the 
cross-section of the beam corresponded to the dimensions of the window of the 
tube. 

The calibration of the counter tube in quanta per cm.^ per second was carried 
out in the following way. The intensity of the Hg line 2536 A was measured 
with the thermopile which was calibrated in absolute units against a standard 
lamp. Then the intensity of the line was decreased to 1:9 X 10® of its value by 
putting between the two condenser lenses or between exit slit and counter tube an 
absorption vessel containing a solution of K 2 Cr 207 of known coijcentration. The 
extinction coefficient of K 2 Cr 207 was carefully determined with the thermopile by 
using a series of more dilute solutions of known concentration. In addition, checks 
of the validity of Beer’s law were made, although it could be assumed that Beer’s 
law was valid for the concentration of 8 gm. in 10 liters of distilled water used to 
produce the reduction in intensity given above (1:9 X 10®). The law was found 
to be valid within the experimental error. After removing the thermopile, this 
weak radiation fell upon the counter tube. As the intensity of this beam is known 
in quanta per cm.® per second, the number of counts (difference of background 
counts and background plus radiation counts) now given by the counter tube in a 
certain time corresponds to the number of quanta passing through the window in 
this time. From this value the minimum effect could be calculated. For the 
Hg line 2536 A, 50 additional counts in 30 minutes are produced by an intensity 
of 10 to 15 quanta per cm,® per second falling upon the window of the counter tube. 
As the steeply rising branch of the sensitivity-wave length curve for cadmium 
extends to still much shorter wave lengths up to the wave length at which the 
absorption in quartz begins to become considerable, it is obvious that the counter 
tubes will approach the calculated minimum effect in the region of the wave length 
of the mitogenetic radiation. For cadmium, the measured sensitivity for the wave 
length 2300 A is 1.7 times that for the wave length 2536 A-^^ For these meas¬ 
urements as well as for the biological measurements to be reported later, the volt¬ 
age on the counter was raised as high as possible, to obtain highest sensitivity; i.e., 
near to the point at which erratic operation of the counter tube begins, due not 
to the incident radiation but to spontaneous discharges within the tube. How¬ 
ever, at the applied voltage the counter tubes work normally for any length of 
time if certain precautions are taken. 

International Critical Tables, New York, McGraw-Hill Book Co., Inc,, 1929, 
8| 68, Table 3. 
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The electrostatic field within the counter tubes, due to the arrangement of a 
thin wire in the axis of a conducting cylinder, is logarithmic, which means that 
almost the entire potential difference between cylindrical electrode and wire lies 
within a narrow region around the axial wire. In this region the ionic cloud is 
produced by the photoelectron released from the wall, and the consequently formed 
secondary electrons which charge the wire and produce the impulse which is re¬ 
corded. The high resistance of 10’ ohms prevents the immediate removal of this 
charge, resulting in diminishing the potential difference of the electrodes to a value 
for which the potential difference is insufficient to produce additional ions by 
impact. Thus the discharge stops; the wire discharges, which brings the potential 
difference between the electrodes once more to its original value. The counter 
tube is then ready for the next discharge. It is evident that the window will have 
an influence on this logarithmic field, especially as it consists of quartz, the insulat¬ 
ing properties of which are very high. During the operation of a counter tube 
provided with a window, stray ions will go to the window and produce a change in 
the field around the wire, thus influencing the sensitivity (counting rate) of the 
tube until an equilibrium is reached. The greater the sensitivity of the counter 
tube, the more noticeable is this effect. 

During the first series of experiments in which the counter tube 
was used in the study of mitogenetic radiation, somewhat erratic 
results were obtained which, nevertheless, seemed to point toward the 
existence of this radiation. In the endeavor to exclude any spurious 
effect, experiments were made with substances which could not 
possibly emit any radiation, e.g. water, and effects consisting in an 
increased counting rate were obtained. It was finally found that 
mere touching of the window produced an effect. After what has 
been said about the influence of the window upon the operation of the 
counter, it seemed obvious that all the effects just noted were produced 
by disturbing the field in the counter tube. When counting rates 
were taken from minute to minute, it was found that the effect grad¬ 
ually died off until the equilibrium was again reached. In the case 
of biological material this might be falsely interpreted as due to grad¬ 
ual loss in viability. 

A series of experiments was undertaken to show the magnitude of 
this spurious effect. 

Table II gives data on some of these experiments. 

Especially interesting are the experiments with tubes of glass and 
quartz, respectively, closed at one end and partly filled with water. 
Since these tubes were in contact with only a small part of the window, 
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one would expect a comparatively small effect. Both tubes were 
cleaned before placing them on the window by rubbing them gently 
with cheese-cloth. Although both tubes were of the same size, the 
quartz tube produced a much larger effect while that of the glass tube 
is somewhat larger than the statistical error. Upon wiping off the 
tubes with moist tissue paper, in the case of the quartz tube the effect 
was decreased, while in the case of the glass tube it disappeared. 
This shows that the larger effect with the quartz tube was due to 
charges on the quartz. Due to the high insulating power of quartz, 
an electric charge is easily obtained and can be removed only with 
difficulty. This is true for glass also, but the charge is much smaller 
in this case, as the insulating properties of glass are inferior to those of 


TABLE II 


Counting rate per 
min. for uncovered 
window 

Material put on window 

Counting rate per 
min. for covered 
window 

15.6 ±0.9 

Piece of lead foil, not grounded 

20.9 ±1.4 

25.6 ±1.6 

Piece of lead foil, grounded 

47.8 ±2.2 

21.5 ±1.0 

Water, not grounded 

28.2 ±1.7 

24.7 ±1.0 

Quartz tube slightly rubbed 

38.5 ±2.0 

23.0 ±1.1 

Glass tube slightly rubbed 

29.0 ±1.7 

23.5 ±1.5 

Glass tube wiped off with moist paper 

26.6 ±1.6 

22.9 ±1.5 

Quartz tube wiped off with moist paper 

32.6 ±1.8 


quartz. It can be shown by means of an electroscope that quartz, 
once well rubbed, retains its charge for several hours when kept in a 
dry room, while that of glass will disapp>ear in a few minutes. Since, 
in experiments for demonstrating the presence of mitogenetic radia¬ 
tion by putting the biological material in both glass and quartz tubes 
in order to show its ultraviolet nature, tubes will be rubbed clean to 
avoid possible absorption, the effect shown above gives a possible 
explanation of the positive results that have been reported in such 
experiments. 

The experiments with metal foil or water on the window may ex¬ 
plain why it is that some of the investigators who employed photo¬ 
electric methods for the demonstration of mitogenetic radiation found 
this radiation to be present while others did not. In Schreiber and 
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Friedrich’s, as well as in Locher’s experiments, the biological material 
was not placed directly on the window; there was an air space be¬ 
tween. Rajewsky, on the other hand, placed his material on the 
window. Frank and Rodionow, so far as can be learned from their 
brief publication, apparently tetanized a frog’s muscle by means of an 
induction coil in front of their window, thus creating violent electric 
disturbances which must have influenced the static field of their cell. 

The data of an experiment with onion roots may be given to show 
how large this spurious effect was in some cases; 

September 4^ 1931. Onion Root Experiment 


Counter voltage: 1600 volts. 


1. Background radiation. 

903 counts in 40' 

22.6/min. ±0.7 

2. Onion roots on window. 

2187 counts in 50' 

43.7/nun. iO.9 

3. Chloral hydrate (1 per cent) dropped on 
onion roots. 

2962 counts in 50' 

59.2/min. ±1.1 

4. Background radiation. 

904 counts in 40' 

22.6/niin. ±0.7 


These effects disappeared after proper shielding of the window was 
effected. 

The shielding consisted in surrounding the tube with a grounded 
metallic wall, with an opening for the window. In order to keep the 
window at the same potential during the measurement of the back¬ 
ground radiation as well as during measurements with biological 
material, the window was covered with any one of the several liquids 
previously mentioned, which were used in some cases to keep the 
biological material moist, and a wire connected the liquid to ground. 
Inasmuch as tap water or the other liquids are conducting to some 
degree the surface of the window was kept continuously at the same; 
i.e., ground potential. For the experiments with biological material 
the water was removed and enough material put on the window to 
covef,. it completely. 

Another means of preventing spurious effects would be the placing 
ofjfthe biological material at some distance from the window, say 1 to 2 
da.. But this would necessarily result in loss of intensity which, if 
possible, has to be avoided. 

With this arrangement niunerous tests for the presence of mito¬ 
genetic radiation were made. 
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The biological material tested consisted mainly of onion-base pulp 
and tips of onion roots. Mouse sarcoma 180, mouse embryo tissue, 
and tetanized frog muscle, all alleged to be excellent radiators, were 
likewise tested. The results of some of the experiments are given in 
Table III. 

TABLE ni 


Results of Some of the Tests 


Biological material 

Time 

No. of cotmts 

Control 

With biological 
object 

Control 


min. 







Onion-base pulp. 

30 

529 

±23.0 

523 

±23.0 

534 

±23.0 

« U ti 

30 

562 

±23.6 

562 

±23.6 

516 

±22.7 

it (( « 

30 

552 

±23.5 

534 

±23.0 

497 

±22.3 

Mouse embryo. 

30 

543 

±23.3 

552 

±23.5 

515 

±22.7 

« *< 

30 

646 

±25.4 

611 

±24.7 

617 

±24.8 

Onion-base pulp. 

30 

535 

±23.1 

521 

±22.8 

527 

±22.9 

Mouse embryo. 

30 

507 

±22.5 

517 

±22.7 

543 

±23.3 

Onion root. 

40 

643 

±25.3 

643 

±25.3 

641 

±25.3 

if ft 

40 

981 

±31.3 

977 

±31.2 

898 

±29.9 

it it 

40 

1112 

±33.3 



1159 

±34.0 

Frog muscle (tetanized). 

30 

656 

±25.6 

673 

±25.9 

669 

±25.8 

Mouse sarcoma. 

40 


±22.4 

521 

±22.8 

624 

±24.9 

it if 

40 

597 

±24.4 

1 

582 

±24.1 

625 

±25.0 


DISCUSSION 

The data given show that no mitogenetic radiation could be de¬ 
tected. If mitogenetic radiation exists at all, its intensity must be 
smaller than the minimum effect as established for the counter tube; 
i.e., its intensity must be smaller than 10 to 15 quanta per cm.* per 
second. The estimate of intensity, as given at the beginning, gives 
as the smallest—though highly improbable—^value approximately 100 
quanta per cm.* per second. The counter tube would have detected 
such an intensity. Therefore we must conclude that there is no 
physical proof for the existence of mitogenetic radiation. 

Consideration of the energy content of the chemical reactions which, 
according to Gurwitsch,** are responsible for the emission of the mito- 

** Gurwitsch, A., Die mitogenetische Strahlung, Berlin, Julius Springer, 1932, 
47-68. 
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genetic radiation and which may be reactions of either oxidation or 
proteolytic or glycolytic character shows that their heat of reaction is 
insufficient for the production of ultraviolet radiation of a wave 
length between 1800 and 2500 A. The energy necessary to produce 
quanta of a wave length of 2000 A is 142.2 kg. cal. So far as known 
there is no biological reaction which will produce in a single step a 
heat of reaction greater than approximately 70 kg. cal. It must either 
be assumed that there exist unknown reactions of the above type 
which produce sufficient energy, but in this case the atoms or radicals 
would have to take part in the reaction, or that in the case of reactions 
with insufficient energy, rare single processes may occur which result 
in the production of an ultraviolet quantum corresponding to the 
wave length of mitogenetic radiation. There is no physical or physico¬ 
chemical evidence that either of these cases is possible. 

SUMMARY 

The intensity of mitogenetic radiation was estimated from data 
given by Gurwitsch. 

The sensitivity of the biological method and of the physical meth¬ 
ods were compared. 

With onion-base pulp and onion roots as mitogenetic inductors, the 
photographic method gave no perceptible blackening for exposures up 
to 184 hours. 

A photoelectric counter tube was described with cadmium as 
photoelectric metal. Its sensitivity was such that a radiation inten¬ 
sity of 10 to 15 quanta per cm.* per second of the Hg line 2536 A was 
detectable. 

Spurious effects produced by the counter tube were described and 
means for their avoidance given. 

A number of different biological materials, all supposed to be excel¬ 
lent jnitogenetic radiators, were investigated by means of the counter 
tube. No mitogenetic radiation could be detected. 

Addendum .—After the manuscript was written, a paper was published by 
Gray, J., and Ouellet, C., Proc. Roy. Soc. London, Series B, 1933,114, 1, de¬ 
scribing experiments on mitogenetic radiation with a photoelectric Geiger 
counter tube of a sensitivity of 50 quanta per cm.* per second at 2500 A which 
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gave no indication of a radiation from fertilized eggs of sea urchins, cultures of 
active spermatozoa, or of growing yeast. Spurious effects due to condensation 
of water vapor or other volatile substances on the counter tube were observed 
and means for their prevention given. 
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